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1.0 INTRODUCTION 

W i d e s p r e a d  publ ic  a t t en t ion  was  f i r s t  f o c u s e d  on the p o s s i b l e  po l -  
l u t ion  p r o b l e m  c a u s e d  by je t  fue l  be ing  j e t t i s o n e d  in the  a t m o s p h e r e  
when  a c o m m e r c i a l  a i r l i n e  p i lo t  was  f i r e d  fo r  i n s u b o r d i n a t i o n  b e c a u s e  
he con t inued  to d e m a n d  that  r e s i d u a l  fue l  in p r e s s u r i z a t i o n  and d u m p  
fue l  d r a i n  cans  on h is  a i r c r a f t ' s  j e t  e n g i n e s  be d r a i n e d  p r i o r  to t a k e -  
off. Th i s  fue l  ( a p p r o x i m a t e l y  1 to 2 lb) ,  wh ich  d r a i n s  into the cans  
d u r i n g  eng ine  s t a r t  and shu tdown,  is a u t o m a t i c a l l y  s i p h o n e d  out of the  
cans  by a i r  p r e s s u r e  as  the a i r c r a f t  a c c e l e r a t e s .  The  s i phon ing  a c t i o n  
is d e s i g n e d  to s t a r t  by r a m  a i r  p r e s s u r e  when  the a i r c r a f t  r e a c h e s  an 
i n d i c a t e d  a i r s p e e d  of a p p r o x i m a t e l y  200 kno t s .  H o w e v e r ,  t h e r e  is con -  
s i d e r a b l e  d i s a g r e e m e n t  o v e r  w h e r e  the  fuel  is j e t t i s o n e d  and what  
happens  to it. S o m e  a r g u e  that  the fue l  is e j e c t e d  at about  2000- f t  a l t i -  
rude and about  f ive  m i l e s  f r o m  the  r u n w a y .  Th i s  v iew is c o u n t e r e d  by 
s o m e  p i lo t s  who a r e  c o n v i n c e d  that  they  have  s e e n  the  fue l  sp i l l  on the  
runway- i t s e l f .  T h o s e  who a r e  c o n v i n c e d  tha t  the  fue l  is  v e n t e d  at a l t i -  
tude  a r e  d iv ided  in t h e i r  opin ion  of what  happens  to the  fue l  a f t e r  be ing  
r e l e a s e d .  The  c o m m e r c i a l  a i r l i n e s  s u g g e s t  tha t  it i s  c o m p l e t e l y  v a p o r -  
i zed  and so d i lu t ed  by p r e v a i l i n g  winds  tha t  it p r e s e n t s  no s i g n i f i c a n t  
po l lu t ion  p r o b l e m .  Na t iona l  Ai r  P o l l u t i o n  C o n t r o l  A u t h o r i t y  (NAPCA) 
o f f i c i a l s  a r g u e  that  k e r o s e n e  does  not v a p o r i z e  qu ick ly  and tha t  m u c h  
of the d i s c a r d e d  fue l  r e m a i n s  as  a f ine a e r o s o l  s u s p e n d e d  in the  a t m o s -  
p h e r e  p r e s e n t i n g  a l o c a l i z e d  po l lu t ion  p r o b l e m ,  e s p e c i a l l y  in the  a i r  
c o r r i d o r s  u s e d  fo r  t akeof f  f r o m  a i r p o r t s  (Ref.  1). 

In addition to the above-described routine operations, unusual con- 
ditions occur where the disposal of large quantities of fuel is necessary. 
These conditions exist with a wide range of latitude. In some cases, 

there are emergency conditions which necessitate the immediate off- 
loading of the fuel at as high a rate as possible. In other cases, even 
though they represent an emergency, there is some amount of control 
over the conditions of release. An incident at the San Francisco air- 
port involving damage to a 747 during takeoff represented such a case. 
The situation with the most latitude is that where a flight must be 
aborted because of conditions which do not involve potential danger to 
lives. In such cases the conditions of release of the fuel, that is, the 
altitude, flight velocity, and rate of flow, may- be completely open to the 
discretion of the pilot. At the present time, there is very little infor- 
mation available which can be used to evaluate the effects on the local 
environment caused by thousands of pounds of JP-4 fuel being sprayed 
into the atmosphere. Recommendations to release the fuel at high or 
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low a l t i tude ,  
speed ,  e t c . ,  
known.  

to s e e k  o r  avoid c loud l a y e r s ,  to r e d u c e  o r  i n c r e a s e  a i r -  
cannot  be m a d e  unt i l  the e f f ec t s  of t h e s e  v a r i a b l e s  a r e  

The  cond i t ions  and po ten t i a l  i m p a c t s  of the  m i l i t a r y  and c o m m e r -  
c ia l  f l e e t s  a r e  e s s e n t i a l l y  s i m i l a r ;  the  e x a m p l e s  above s e r v e  equa l ly  
we l l  for  e i t h e r  ope ra t i on .  The  r e s e a r c h  and t e s t  p r o g r a m s  d e s c r i b e d  
in th is  r e p o r t  w e r e  a d d r e s s e d  to the  p a r t i c u l a r  p r o b l e m  of the  j e t t i -  
son ing  of J P - 4  fuel  into the  a t m o s p h e r e  and i ts  r e s u l t i n g  i m p a c t  on 
the e n v i r o n m e n t .  

Fue l  j e t t i s o n e d  at a l t i tude  wi l l  b r e a k  up into d r o p l e t s  as the  l iqu id  
s t r e a m  e n c o u n t e r s  the  h i g h - s p e e d  a i r s t r e a m .  F o r  a s h o r t  p e r i o d  of 
t i m e  t h e s e  d r o p l e t s  wi l l  be e n t r a i n e d  in the t u r b u l e n t  wake  of the  a i r -  
c raf t  and one can expec t  vapo r  f r o m  the  fue l  at t h i s  point  to be 
t h o r o u g h l y  m i x e d  wi th  the  exhaus t  p r o d u c t s  f r o m  the  a i r c r a f t ' s  e n g i n e s .  
As the  t u r b u l e n t  e n e r g y  in the  wake  is d i s s i p a t e d ,  the d r o p l e t s  of fue l  
wi l l  s t a r t  to f r e e  fa l l .  Dur ing  the  e a r l y  p h a s e s  of f r e e  fa l l  s e v e r a l  
p r o c e s s e s  m a y  occu r .  S m a l l  d r o p l e t s  m a y  c o a l e s c e  thus  f o r m i n g  
l a r g e r  d r o p s ,  and e x t r e m e l y  l a r g e  d r o p l e t s  m a y  b r e a k  up due to the  
a e r o d y n a m i c  f o r c e s  on t h e m  as they  a c c e l e r a t e  u n d e r  g r a v i t a t i o n a l  
f o r c e s .  Thus ,  t h e r e  may  be a r e a d j u s t m e n t  of the  s i z e  d i s t r i b u t i o n  of 
the  f a l l ing  d r o p l e t s .  Th roughou t  the  fa l l ing  p r o c e s s  the  d r o p l e t s  wi l l  be  
e v a p o r a t i n g ,  l e a v i n g  a h y d r o c a r b o n  v a p o r  in the  a t m o s p h e r e .  It is 
p o s s i b l e  that  u n d e r  the  a p p r o p r i a t e  cond i t ions  ( l ow-a l t i t ude  dump,  cold 
t e m p e r a t u r e s )  s o m e  of the  J P - 4  m a y  s u r v i v e  the  f r e e  fa l l  and cause  a 
g round  c o n t a m i n a t i o n  p r o b l e m .  

The  m o s t  pub l i c i zed  a t m o s p h e r i c  po l lu t ion  p r o b l e m  (smog)  r e s u l t s  
f r o m  the  r e a c t i o n  of h y d r o c a r b o n  v a p o r s  and ox idan t s  (Ref.  2). Th i s  
r e a c t i o n  is t r i g g e r e d  by the  u l t r a v i o l e t  r a d i a t i o n  p r e s e n t  in sunl igh t .  
Obvious ly ,  the  add i t ion  of a c o n s i d e r a b l e  quant i ty  of h y d r o c a r b o n s  to 
the  a t m o s p h e r e  should  cause  c o n c e r n  about the p h o t o c h e m i c a l  p r o c e s s e s  
wh ich  m a y  occu r .  The  two a r e a s  p o s s i b l y  of m o s t  i m p o r t a n c e  in th i s  
r e s p e c t  a r e  (1) the  a i r c r a f t  wake,  w h e r e  t h e r e  is su f f i c i en t  c o n c e n t r a -  
t ion  of ox idan t s  f r o m  the  je t  eng ine  e x h a u s t s  and (2) at g r o u n d  l e v e l  in 
a m e t r o p o l i t a n  a r e a  w h e r e  au tomob i l e  e x h a u s t s  supply  the  ox idan t s .  

The work accomplished in this phase of the project does not pursue 
t h i s  a spec t  of the  p r o b l e m .  H o w e v e r ,  da ta  ob ta ined  in the  e v a p o r a t i o n  
s t ud i e s  m a y  be use fu l  in def in ing  the  c l a s s  of h y d r o c a r b o n s  m o s t  l i k e l y  
to r e m a i n  as v a p o r s  in the  a i r c r a f t  wake and in the  g r o u n d  l e v e l  m i x i n g  
l a y e r .  
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A second area of concern can reasonably be voiced when consider-. 
ing the impact of JP-4 vapors on the atmospheric hydrological cycle. 
The normal atmospheric processes of cloud formation, rainfall, and 
subsequent evaporation provide a natural cycle which cleanses particu- 
lates from the atmosphere. The bulk of these particles are dusts from 
wind erosion and hygroscopic salts from evaporated salt water sprays. 
While these may be classified in an absolute sense as pollutants, they 
are a necessary part of the hydrological cycle. These small particles 
act as nucleation sites for aggregation of water molecules. Addition 
of JP-4 to the atmosphere may prove to be only a minor perturbation 
to the natural cycle and be effectively washed out in subsequent rain- 
falls. It is suspected, however, that the impact of the fuel jettison 
may have more far-reaching effects. It is well known that the more 
effective condensation nuclei are those which are classified as 
"wettable", the hygroscopic salts being the most efficient. Contami- 
nated by JP-4 fuel, these particles may become "nonwettable" and thus 
incapable of serving as condensation nuclei. If this occurs, there will be 
an abnormal increase in the naturally occurring particulates, since the 
cleansing process due to precipitation as rain or ice will be inhibited. 

Cloud and fog banks which at first seem to be quiescent, are, in 
fact, constantly involved in the process of condensation and evaporation. 
%Vater droplets which grow within the fog-cloud structure reach such a 
size that gravitational forces overcome the aerodynamic forces pro- 
duced by updrafts, and they start to fall. However, as they leave the 
high humidity of the cloud layer, they re-evaporate and are swept back 
into the cloud to repeat this cycle. Addition of an unusual quantity- of 
impurities could greatly affect this process. Evidence exists which 
suggests that some hydrocarbon concentrations, low enough to create 
a monolayer coverage on water droplets, can inhibit evaporation and 
thus stabilize fog and cloud formations to the point where they cannot 
dissipate by the natural methods of precipitation or evaporation (Ref. 3). 

T h e  e x p e r i m e n t a l  w o r k  r e p o r t e d  h e r e i n  was  d e s i g n e d  and c o n d u c t e d  
to a n s w e r  q u e s t i o n s  w h i c h  w e r e  r a i s e d  as a r e s u l t  of a s u r v e y  of p e r t i -  
nen t  l i t e r a t u r e .  The  s u b j e c t s  c o n s i d e r e d  w e r e  as  fo l lows :  

. D i r e c t  r e f e r e n c e s  to j e t t i s o n i n g  of l i qu ids  f r o m  a i r c r a f t  
and b r e a k u p  of l i qu ids  in h i g h - s p e e d  a i r  s t r e a m s ;  

2. P r o p e r t i e s  of J P - 4 ;  
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3. D r o p l e t  fa l lou t  and e v a p o r a t i o n -  

a. c o a l e s c e n c e  of d r o p l e t s ,  

b. d r a g  c o e f f i c i e n t s ,  

c. e v a p o r a t i o n  r a t e s ;  and 

4. E f f e c t s  of J P - 4  v a p o r  on c o n d e n s a t i o n  and e v a p o r a t i o n  of 
w a t e r  v a p o r .  

2.0 JETTISONING FROM A I R C R A F T  AND BREAKUP OF L IQUID  

T h e r e  is s u r p r i s i n g l y  l i t t l e  i n f o r m a t i o n  in the l i t e r a t u r e  tha t  is  
s p e c i f i c a l l y  a d d r e s s e d  to the p r o b l e m  of d u m p i n g  fue l  f r o m  a i r c r a f t .  
C r o s s  and P i c k n e t t  r e p o r t  on l o w - a l t i t u d e  fue l  d u m p s  c o n d u c t e d  at 
P o r t o n  Downs in August  of 1972 (Ref. 4). T h e  t e c h n i q u e  u s e d  was  to f ly  
a c r o s s  the  wind at an a l t i t ude  of a p p r o x i m a t e l y  15 m e t e r s  and dump  fue l  
to which  had been  added  0 . 5 - p e r c e n t  Uni tex  SWN. Uni tex  SWN is h igh ly  
f l u o r e s c e n t  u n d e r  u l t r a v i o l e t  r a d i a t i o n .  The  d r o p l e t s  w e r e  c o l l e c t e d  
on f i l t e r  p a p e r s  l o c a t e d  downwind,  and the  d r o p l e t  s i z e s  w e r e  d e t e r -  
m i n e d  by the quant i ty  of Uni t ex  SWN r e s i d u a l  r e m a i n i n g  on the f i l t e r s .  
F r o m  t h e s e  da t a  the  a u t h o r s  p r e s e n t  a d r o p - s i z e  d i s t r i b u t i o n  c u r v e  and 
s u g g e s t  an e m p i r i c a l  equa t ion  fo r  the m a s s  m e d i a n  s i z e ,  

<l(i,'n,) :%-, 4 (0.17 ± O.O(,If 

w h e r e  f is the fuel  i~low r a t e  in k g / m i n .  

This equation would be applicable for an aircraft flying at 120 m/see 
(234 knots) and dumping tl~ough a G-era (2.5-in.)-diam pipe. As can be 
seen from the curve in Fig. i, the maximum droplet size from these 
tests was 400 pm wit}= a mass median diameter of 240 pro. It is noted 
that in taking inventory of the total fuel dumped and the quantity observed 
at ground level =hat o:'13 55 percent of the fuel could oe =ceounted for. 
The autlmrs suggest t:=at sl~Jelclin~ of sample co!lector~ by tall grasses 
and a possible loss of some smaller particles due to evaporation as the 
most likely explanation. A second explanation is that much more of the 
fuel than the autO=ors suspect is contained in droplets with diameters less 
t han  50 pr.=. It Js um 'o r t :ma te  tha t  no inz 'ormat ion  is p r e s e n t e d  as to tt=e 
v e l o c i t y  of t}:e cross~,: ind dur in~  t}:e t e s t  p e r i o d s .  A s s a m i n g ,  h o w e v e r ,  a 
r e l a t i v c l ~  s l igh t  ',v'::c, st~eed -); 2 .5  m / s e e  (5 kno t s ) ,  a 50-pro  d r o p l e t  

I(J 
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falling at its terminal velocity of approximately 7.6 cm/sec 
(0.24 ft/sec) would drift well beyond the far line of sample collectors, 
350 m (i132 ft) during its 15-m (50-ft) free fall. It is also noted that 
the resolution of the detection technique did not permit observation of 
droplets smaller than 40 ~m. 

1000- 
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Figure 1. Drople t  size distr ibut ion f rom fuel dumping.  

Evidence to support the production of a significant number of 
smaller droplets is contained in test results obtained in wind tunnel 
tests conducted by Davidson (l~ef. 5) and Wasson, et 8.1. (Ref. 6). 
The former tests were conducted with simulated defoliant as the 
liquid, with dump rates of 14.5 to 558 kg/min (33 to 1280 ib/min) 
in a 20S-m/see (400-knot) airstream. A comparison of the de- 
foliant's properties compared to JP-4 is given in Table I. 

I! 
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Table 1. Properties of Defoliant 

P r o p e r t y  at 70°F Defo l i an t  J P - 4  H20  

Spec i f ic  g r a v i t y  

V i s c o s i t y  ( cen t i s t okes )  

Su r f ace  T e n s i o n  (dyne /cm}  

1.34 

8 .80 

35 .00  

0 .77  

1.60 

21 .00  

1.00 

1.00 

73.00 

The r e s u l t s  r e p o r t e d  (Ref. 5) ind ica te  that  all  the d r o p l e t s  d e t e c t e d  w e r e  
l e s s  than 50 u m  in d i a m e t e r  with a m a s s  m e d i a n  d i a m e t e r  of 24 p m .  

S i m i l a r l y  the da ta  p r o d u c e d  by Wasson ,  et  al. fo r  J P - 4  fue l  ind i -  
ca te  a m a x i m u m  d r o p l e t  s i z e  of 100 p m  with  m a s s  m e d i a n  d r o p l e t  s i z e s  
r a n g i n g  f r o m  25 to 55 pm.  T h e s e  t e s t s  invo lved  flow r a t e s  of J P - 4  
fue l  f r o m  1.3 to 136 k g / m i n  (13 to 300 l b / m i n ) .  

Both  i n v e s t i g a t o r s  u sed  an i n - l i n e  h o l o g r a p h i c  t e c h n i q u e  to r e c o r d  
the  d r o p l e t s  p r o d u c e d .  In each  case  the  p h o t o g r a p h i c  s t a t i o n  was 
l o c a t e d  r e l a t i v e l y  c lo se  to the  dump n o z z l e  b e c a u s e  of the  l i m i t a t i o n s  
i m p o s e d  by the  l eng th  of the  t e s t  cel l .  

It is obvious that these results are not entirely consistent with the 
Porton Downs tests in that no large particles were detected in these 
studies. There are three possible explanations for the difference. 
The first is a possible bias toward the smaller drops produced by the 
experimental technique used. For example, the holographic station 
recorded droplets in the center of the test cell; if larger droplets were 
located outside of the core flow, due either to gravitational settling or 
unusual flow patterns, they would be lost to the holographic exposure. 

The second possibility is that the droplet sizes recorded at this 
distance downstream are representative of the state of the fuel, and a 
process of coalescence occurring further downstream would account for 
the appearance of larger droplets. Wigg (Ref. 7) supports this argu- 
ment from his work with large air-blast atomizers in which he notes a 
variation in droplet size as a function of the location of the sampling 
station. Merrington, et alj (Ref. 8) also noted that they observed 
larger droplets as they moved downstream. These observations 
prompted the short experimental program to investigate the possibility 
of coalescence which is reported in Section 4.0. 

12 
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The t h i r d  c o n s i d e r a t i o n  is  a d d r e s s e d  to the  p r o b l e m  of c o m p a r i n g  
the  v a r i a t i o n s  in  the  p a r a m e t e r s  u n d e r  wh ich  the  v a r i o u s  t e s t s  w e r e  
conducted .  The  de fo l i an t  s t u d i e s  i n j e c t e d  s i m i l a r  m a s s  f low r a t e s  of 
l i qu id  into the a i r s t r e a m ;  howeve r ,  the  a i r s t r e a m  v e l o c i t y  was  a l m o s t  
t w i c e  tha t  of the  ac tua l  fue l  dump t e s t .  W a s s o n ,  et a l . ,  w e r e  able  to 
m a t c h  the  a i r  speed  but w e r e  f o r c e d  to r e d u c e  the  m a s s  flow r a t e  of 
the  l iqu id  due to l i m i t a t i o n s  of the  wind t unne l  pumping  s y s t e m .  

In o r d e r  to eva lua t e  the  s i g n i f i c a n c e  of t h e s e  d i f f e r e n c e s ,  i t  i s  
n e c e s s a r y  to pos tu l a t e  the n a t u r e  of the  a t o m i z a t i o n  p r o c e s s .  N u m e r -  
ous t h e o r i e s  have  been  p r e s e n t e d  c o n c e r n i n g  the  m e c h a n i s m  by which  
a l iqu id  je t  b r e a k s  up and f o r m s  d r o p l e t s .  The  c l a s s i c a l  work  of 
R a y l e i g h  (Ref.  9) c o n s i d e r s  the  bui ldup of r i p p l e s  on the l iqu id  s u r f a c e  
and a s s o c i a t e s  an even tua l  d r op l e t  s i z e  to  the  w a v e l e n g t h  of t h i s  d i s -  
t u r b a n c e .  

Howeve r ,  t h i s  a p p r o a c h  is  not d e e m e d  a p p l i c a b l e  in  c o n s i d e r i n g  
l a r g e  d i a m e t e r  l i qu id  j e t s  e n c o u n t e r i n g  h i g h - s p e e d  a i r f l o w s .  P h o t o -  
g r a p h s  of l i qu id  j e t s  e n c o u n t e r i n g  a i r s t r e a m s  of v a r i o u s  v e l o c i t i e s  a r e  
p r e s e n t e d  by N u k i y a m a ,  et al .  (Ref. 10). The  p h o t o g r a p h s  show h igh -  
speed  a i r s t r e a m s  s t r i p p i n g  f ine  l i g a m e n t s  f r o m  the l iqu id  s u r f a c e  and 
a s u b s e q u e n t  b r e a k u p  of t h e s e  l i g a m e n t s  in to  d r o p l e t s .  Whi le  the  
l iqu id  j e t  d i a m e t e r s  s tud ied  by lk 'ukiyama a r e  s m a l l e r  t han  t h o s e  u n d e r  
c o n s i d e r a t i o n  fo r  fue l  dumping ,  th i s  b r e a k u p  m e c h a n i s m  is  c o n s i d e r e d  
the  m o s t  l i k e l y  p r o c e s s  of a t o m i z a t i o n .  

Accep t ing  t h i s  me thod  of a t o m i z a t i o n  then  one can pos tu l a t e  a 
s e q u e n c e  of even t s  as  the l iqu id  j e t  e n t e r s  the  a i r s t r e a m .  The  i n i t i a l  
s t r i p p i n g  of l i g a m e n t s  f r o m  the ou te r  s u r f a c e  not only p r o d u c e s  an 
i n i t i a l  quan t i t y  of d r o p l e t s  but in  t u r n  a c c e l e r a t e s  the  bulk of the  l iqu id  
co re  s u c h  tha t  the  s e c o n d a r y  l i g a m e n t s  a r e  p roduced  wi th  a s l i g h t l y  
r e d u c e d  r e l a t i v e  a i r s p e e d .  One can c o n s i d e r  t h i s  p r o c e s s  be ing  
r e p e a t e d  un t i l  e i t h e r  the  l iqu id  co re  i s  dep l e t ed  or  the  v e l o c i t y  d i f f e r -  
ence  b e t w e e n  the l iqu id  and the a i r s t r e a m  i s  r e d u c e d  s u f f i c i e n t l y  so 
tha t  f u r t h e r  b r e a k u p  would o c c u r  as  a r e s u l t  of i n s t a b i l i t i e s  in  the  
l i qu id  co re  as  s u g g e s t e d  by R a y l e i g h .  Whi le  the  o r d e r l y  shedd ing  of 
s u c c e s s i v e  l a y e r s  of l iqu id  is  obv ious ly  c o m p r o m i s e d  by the  e x t r e m e  
t u r b u l e n c e  caused  by the  i n j e c t i o n  of the  l iqu id  into the a i r s t r e a m ,  the  
m o d e l  would i nd i ca t e  tha t  the  d r o p l e t s  p roduced  f r o m  the  i n i t i a l  e x p o s -  
u r e  of the  l iqu id  to the a i r s t r e a m  shou ld  be i ndependen t  of the je t  d i a m -  
e t e r .  It would a l so  i nd i ca t e  tha t  m i n i m u m  d r o p l e t  s i z e s  would be p r i -  
m a r i l y  def ined  by the r e l a t i v e  v e l o c i t y  be tween  the  i n i t i a l  l i qu id  j e t  and 
the  a i r s t r e a m  and the  p h y s i c a l  p r o p e r t i e s  of the  l iquid .  C a s t l e m a n  

13 



AEDC-TR-75-49 

(Ref. ii) suggests that for gas-liquid velocities above 100 m/sec this 
minimum size is only a function of the liquid properties and gives a 
value of I0/~m for water droplets. Sauter (Ref. 12) reports a mini- 
mum value of 7/~m for kerosene droplets. 

Since  the  t h r e e  t e s t s  u n d e r  c o n s i d e r a t i o n  w e r e  c o n d u c t e d  wi th  
r e l a t i v e  v e l o c i t i e s  b e t w e e n  the  l iqu id  and a i r s t r e a m  in e x c e s s  of 
100 m / s e c ,  t h e n  one would  expec t  the  d r o p l e t - s i z e  d i s t r i b u t i o n  to 
s t a r t  wi th  d r o p l e t s  a r o u n d  5- to lO-~m d i a m e t e r .  

Predictions for an expected mass median or maximum droplet 
size for the various tests are open to serious question since no theo- 
retical treatment is available to handle the problem, and semi- 
empirical relations have all been developed with data obtained from 
studies investigating much smaller fluid jets. 

Many investigators have given a dimensional analysis of the break- 
up of liquids into droplets (Ref. 13). Using this approach one can 
assume that the average droplet size can be expressed as 

f(D,p~, V, a, gl~' Pg"/,tg) 

Expressing these variables in the form of a power series, they may be 
rearranged to yield the following equation with four nondimensional 
groupings, 

where a, a, b, c, and d are appropriate constants. Using this approach, 
Ingebo, et al. (Ref. 14) present the expressions, 

[ ~0.25 
day = 3.9D~, ')  

and 

I ,\0.29 

dm,~x = 22.3D '~'~,) 

14 
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where 

b e "  
O" 

V2pgD (Inverse Weber number) 

and 

D Vp~ 

Iq 
(Liquid film Reynolds number) 

The experiments from which these constants were determined covered 
the range of airstream velocities of interest ku the atmospheric dump- 
ing problem as well as matching the properties of the fuel. However, 
the diameter of the initial fluid jet was almost two orders of magnitude 
smaller. Wh~le one might hesitate to apply this work directly to the 
large-scale dumping, it is of interest to note how these equations would 
predict the trend of the droplet sizes as a function of the initial liquid 
jet diameter. Curves from these equations are presented in Fig. 2. 
For the conditions of the full-scsle atmospheric fuel dumps (Ref. 4), 
these equations predict a median droplet size of 360 /~m and a maxi- 
mum size of 670 pm. These values compare to ~40 and 400/~m as 
reported. 

E 
~k 

L. 

I lO0 

} 

I000 r- 

10 
CLI 

~ JP-4 Fuel m/sec 
t 120 

Alrspe~l ). 200 m/sec 

Day - D o 3 9 ~tle!Re) 0'~ 
Dm B" Do 22.3 Me/R '~'~0" 29 

l I I I I i I I I i l  J I I I I l i I I I I  

! ]0 
Liquid Jet Diameter, ¢m 

Figure 2. Droplet size as a function of liquid jet diameter. 
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The  u p p e r  l i m i t  of the  d r o p l e t  s i z e  (which  m i g h t  s u r v i v e  a fue l  
dump  and f r e e  fal l)  can  be e s t i m a t e d  by r e f e r r i n g  to the work  by 
V o l y n s k i  (Re~. 15) and s i m i l a r  s t u d i e s  by L a n e  (Ref.  16). T h e s e  
s t u d i e s  de f ine  a c r i t i c a l  W e b e r  n u m b e r  at w h i c h  a s i n g l e  d r o p l e t  wi l l  
b e c o m e  u n s t a b l e  and b r e a k  up. Using V o l y n s k i ' s  c r i t i c a l  v a l u e  of 
W e = 7, t h e n  one can  plot  the  m a x i m u m  s t ab l e  d r o p  s i z e  as  a f u n c t i o n  
of AV o r  the  r e l a t i v e  v e l o c i t y  b e t w e e n  -he  J P - 4  and the  a i r s t r e a m .  
Such a c u r v e  is p r e s e n t e d  as F ig .  3. A s s u m i n g  that  such  a l a r g e  
d r o p l e t  can s u r v i v e  the  dumping  p r o c e s s ,  t hen  one can  e s t i m a t e  the 
r e s u l t i n g  t e r m i n a l  ve loc i~ -  of the  d r o p l e t s  in f r e e  fa l l  (Ref.  1 7). 
F i g u r e  4 p r e s e n t s  a plot  of t e r m i n a l  v e l o c i t i e s  .~long with  the  c r i t i c a l  
v e l o c i t i e s  as  p r e d i c t e d  by V o l y n s k i  and L a n e .  Th i s  i n d i c a t e s  a m a x i -  
m u m  d r o p l e t  s i z e  b e t w e e n  3250 and 3750 # m  and is b a s e d  on the 
t e r m i n a l  v e l o c i t y  of s p h e r i c a l  d r o p l e t s .  It is  obvious  that  s e r i o u s  
d i s t o r t i o n  m u s t  o c c u r  in l i qu id  d r o p l e t s  p r i o r  to b r e a k u p ,  and thus ,  
s o m e  m o d i f i c a t i o n  of the  t e r m i n a l  v e l o c i t y  c u r v e  shou ld  be m a d e .  

40 

~0 

_= 

~= 20 

120 km,hr IFt.el Dump i'1 Ref 4', 
ISea L~'ell 

F i g u r e  3 .  

o i I i I , I i I i I I I I 
0 200 400 600 800 1000 1200 L4QO 

Maxlmur" Droplet O~ameter pm 

M a x i m u m  d r o p l e t  s i ze  as a f u n c t i o n  o f  r e l a t i v e  v e l o c i t y .  
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Figure 4. Critical velocity for droplet  breakup. 

For lack of more definitive data at the present time it is suggested 
that the most likely droplet size distribution would consist of that ob- 
tained by Cross, et al. (Ref. 4) modified by including an additional 
35 percent of the fuel in the form of droplets in the size range from 
i0 to 50 pm. A suggested size distribution is presented in Fig. i which 
reflects this modification. 
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One f u r t h e r  p a r a m e t e r  of c o n c e r n  in c o n s i d e r i n g  the a e r o d y n a m i c  
p r o p e r t i e s  of the j e t t i s o n e d  J P - 4  is the d rag  c o e f f i c i e n t  of the f r e e -  
f a l l ~ n g d r o p l e t s .  Gunn a n d K l n s e r  (Re~. [8) and Laws  (Ref. i9) p r e -  
s en t  da ta  for  fa l l ing  wa~er  d r o p l e t s  which  show a c o n s i d e r a b l e  d i f f e r -  
ence  in d r ag  coe f f i c i en t  f r o m  that  of so l id  s p h e r e s .  How m u c h  of the 
d i f f e r e n c e  can be a s s o c i a t e d  with e v a p o r a t i o n  of the l iqu id  and how m u c h  
can  be c o n s i d e r e d  to be ca,~sed b x." a e r o d y n a m i c  d e f o r m a t i o n  of the d r o p l e t  
is not known.  Da',a f r o m  which  the d r a g  eoe f f - c i en t  of l iqu id  d r o p l e t s  m a y  
be c o m p u t e d  is e x t r e m e l y  l i m i : e d ,  and no i n f o r m a t i o n  could  be found which  
mzght  apply to drople~,s of J P - 4  u n d e r  f r e e - f a l l  cond i t ions .  Thus ,  a s e r i e s  
of e x p e r i m e n t s  to d e t e r m i n e  the d r ag  c o e f f i c i e n t  of J P - 4  in f r e e  fa l l  at 
v a r i o u s  s i m u l a t e d  ~ t i t u d e s  was conduc ted  and is repo2 ' ted  in Sec t ion  5 .0 .  

3.0 PROPERTIES OF JP-4 FUEL 

The p r e s e n t  s p e c i f i c a t i o n s  fo r  J P - 4  fuel  have  b e e n  d e v e l o p e d  o v e r  
a n u m b e r  of y e a r s .  They  r e p r e s e n t  an  a c c e p t a b l e  c o m p r o m i s e  b e t w e e n  
ninny of the con f l i c t i ng  r e q u i r e m e n t s  fo r  the  i d e a l  fue l .  ]?or e x a m p l e ,  
a high vo l a t i l i t y  is d e s i r a b l e  for  eng ine  s t a r t i n g  and cold w e a t h e r  p e r -  
r e f i n a n c e .  H o w e v e r ,  a low vo la t i l i t y  is p r e f e r r e d  by the  ;ue l  s y s t e m  
d e s i g n e r  who has  to c o n s i d e r  v a p o r  l o c k i n g  in pumps  and the  p r o b l e m s  
of f o a m ing  and e x c e s s i v e  vent ing  f r o m  fuel  t anks  d u r i n g  h igh r a t e s  of 
c l imb .  One i m p o r t a n t  f a c t o r  wh ich  m u s t  be c o n s i d e r e d  is tha t  a u s a b l e  
fuel  m u s t  be a v a i l a b l e  w o r l d w i d e  fo r  e i ' fec t ive  m i l i t a r y  o p e r a t i o n s  and a 
too narro:~, se t  of s p e c i f i c a t i o n s  s i g n i f i c a n t l y  r e d u c e s  the a v a i l a b i l i t y .  
Beca:~se of t h e s e  2ac to r s ,  J P - 4  fuel  is  not de f ined  in t e r m s  of s p e c i f i c  
c o m p o n e n t s  but by s o m e  g e n e r a l  c h a r a c t e r i s t i c s .  It is a k e r o s e n e - t y p e  
fuel  with a wide  boi l ing ran.~e. It m a y  con ta in  as m a n y  as 5 ,000  to 
10,000 h y d r o c a r b o n s .  T h e s e  can be d iv ided  into t h r e e  g e n e r ~  c a t e g o r -  
i e s :  p a r a f f i n s ,  a r o m a t i c s ,  and o le f ins .  

The pa ra r [ i n s  cons t i t u t e  75 Lo 90 p e r c e n t  of J P - 4  fue l .  T h e y  a r e  
s t a b l e  in s t o r a g e ,  c l ean  bu rn ing ,  and do not a t t ack  the c o m m o n  e l a s t o -  
m e r s  u sed  for  g a s k e t s  and O - r i n g s .  Typica.l  p a r ~ f i n s  a r e  s t r a i g h t  
cha in  p a r a f f i n s  such  as n - p e n t a n e ,  branchecl  cha in  p a r a f f i n s  s u c h  as 2, 
2, 4 t r i m e t h y l  pen tane ,  and c y c l o p a r a f f i n s  such  as e y e l o p e n t a n e .  
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The aromatics are characterized by the six-member benzene ring. 
They are stable in storage, smoky burning, and have high solvency 
powers. The concentrations of aromatics are limited to 25-percent 
maximum, though most fuels contain only I0 to 15 percent. Benzene 
and naphthalene are typical of the aromatics. 
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T h e  o l e f i n s  a r e  h y d r o c a r b o n s  w i t h  a c h a r a c t e r i s t i c  c a r b o n - t o -  
c a r b o n  d o u b l e  bond .  T h i s  d o u b l e  bond  is  m o r e  r e a c t i v e  c h e m i c a l l y  
t h a n  t h e  d o u b l e  b o n d s  in  t h e  a r o m a t i c  h y d r o c a r b o n s .  T h e  o l e f i n s  a r e  
l i m i t e d  to  a m a x i m u m  of 5 p e r c e n t  in  J P - 4  f u e l .  S o m e  t y p e s  of a r o -  
m a t i c  o l e f i n s  and  d i o l e f i n s  a r e  v e r y  r e a c t i v e  in  t h e  p r e s e n c e  of a t m o -  
s p h e r i c  o x i d a n t s ,  u s u a l l y  t h e s e  c o n s t i t u t e  l e s s  t h a n  0 . 2  p e r c e n t  of 
5 P - 4 .  T y p i c a l  o l e f i n s  a r e  b u t a n e ,  b u t a d i e n e ,  and  s t y r e n e .  

11 It I1 }1 }1 11 H II 

I I I I I I I I 

C=---C- C - C - II C = C - C = C 

I I I I I 

I1 11 11 II It 

(butane) (butadiene) 
(diolefin) 

4, 
II - C 

I 
H - C 

% 

C 
I 

II 

II 
I 
C I1 II 

\ I I 
C - C = C 
II I 
C-  II Ii 

/ 

Styrene (aromatic olefin) 

T h e  p h y s i c a l  p r o p e r t i e s  of J P - 4  a r e  g e n e r a l l y  d e f i n e d  by M I L - F - 5 6 2 4 H  
( T a b l e  2). 

3.1 DENSITY 

T h e  f u e l  d e n s i t y  is  of p r i m e  i n t e r e s t  in  a i r c r a f t  d e s i g n  in  t he  d e t e r -  
m i n a t i o n  of l o c a t i o n  of f u e l  t a n k s  a n d  c a l c u l a t i n g  f l i g h t  r a n g e .  In t h e  
p a r t i c u l a r  c a s e  of f u e l  d u m p i n g ,  t h e  d e n s i t y  is  r e q u i r e d  in c a l c u l a t i n g  
the  f a l l o u t  r a t e s  of t h e  r e s u l t a n t  d r o p l e t s .  T h e  a l l o w a b l e  s p e c i f i c  g r a v i t y  
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range  is f r om 0. 751 to 0. 802 although the average  of fuels  (>5000 
samples )  m e a s u r e d  in 1970 ind ica tes  a value close to 0.76 (Ref. 20). 
Using th is  ave rage  value,  Fig. 5 p r e sen t s  a plot of spec i f ic  g rav i ty  
as a funct ion of t e m p e r a t u r e  over  the range  of i n t e re s t  for  J P - 4  fuel  
f r e e  fa l l ing in the a tmosphe re .  In those ins tances  where  the dens i ty  
is r epo r t ed  in °API, the values  can be conver ted  to spec i f ic  g rav i ty  
by using the r e l a t i o n  

Specific $ra~.ity (60°."60°F) = 14,1.5 
(150/15oC) °AP[  + 131.5 

Table 2. Specifications of JP-4 

Requ i r emen t s  J P - 4  (NATO F-40) 

Di s t i l l a t ion  
Fuel  evapora ted  20 percen t  m i n i m u m  at 
Fuel  evapora ted  50 percen t  m in imum at 
Fuel  evapora ted  90 percen t  m i n i m u m  at 

Maximum res idue ,  Vol. pe rcen t  
Dis t i l l a t ion  lo s s ,  Vol. pe rcen t  max imum 

Gravi ty  °API, m i n i m u m  (sp gr  max) 
Gravi ty  °API, m a x i m u m  (sp gr  min) 

Ex i s ten t  gum, rag/100 ml max imum 
Sulphur,  to ta l  pe rcen t  weight m a x i m u m  

Vapor p r e s s u r e ,  100°F ps i  m i n i m u m  
Vapor p r e s s u r e ,  100°F psi  m a x i m u m  

F r e e z i n g  point,  max imum 

Heating value,  Btu / lb  m in imum 

Aroma t i c s ,  Vol. pe rcen t  max imum 

Olefin, Vol. pe rcen t  max im um 

Pa r t i cu l a t e  ma t t e r ,  m g / g a l  max imum 

Icing inhib i tor ,  Vol. pe rcen t  m a x i m u m  
Icing inhibi tor ,  Vol. pe rcen t  m i n i m u m  

Total  acid number ,  max imum 

290°F (143.3°C) 
370°F (187.8°C) 
470°F (243.3°C) 

1.5 
1.5 

45.0  (0. 802) 
57.0 (0. 751) 

7 
0 .4  

2.0 
3.0 

-72oF (-58oc) 

18,400 

25.0 

5.0 

4.0 

0.15 
0.10 

0.015 
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Figure 5. Specific gravity of JP-4 versus temperature. 

3.2 VAPOR PRESSURE 

The  v o l a t i l i t y  of J P - 4  fuel  is c o n t r o l l e d  by s p e c i f y i n g  the  ASTM 
d i s t i l l a t i o n  cu rve  (D86-52) and the Re id  vapo r  p r e s s u r e .  The  d i s t i l l a t i o n  
c u r v e  is u s e d  to i nd i ca t e  the  o v e r a l l  vo l a t i l i t y  of the fuel ,  and the  Re id  
vapo r  p r e s s u r e  i n d i c a t e s  the  in i t i a l  t e n d e n c y  of the  fue l  to v a p o r i z e .  
N e i t h e r  t e s t  g ive s  abso lu t e  v a l u e s  of v a p o r  p r e s s u r e .  

The distillation tests are run with i00 cc of fuel in a closely pre- 
scribed apparatus and at a controlled distillation rate. Vapor tempera- 

tures are recorded at the head of the condensing tube as various per- 

centages of the fuel are distilled and collected in a receiver. This pro- 
cess does  not g ive  the  t e m p e r a t u r e  fo r  in i t i a l  bo i l ing ,  does  not i s o l a t e  
any of the  fuel  c o m p o n e n t s ,  no r  g ive  any i n f o r m a t i o n  as to the  f ina l  bo i l -  
ing point .  It is ,  h o w e v e r ,  a r e p r o d u c i b l e  p r o c e s s  and has  b e e n  a c c e p t e d  
as a g e n e r a l  m e a n s  of c o m p a r i n g  v a r i o u s  fue l  b l ends .  
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The Reid vapor pressure is determined by sealing one volume of 
fuel and four volumes of air in a closed vessel and raising the tempera- 
ture to 37.78°C (100°F). The resulting pressure reported in psia is 
noted as the Reid vapor pressure. For JP-4 the specifications set the 
limits between 2 and 3 psia. Data obtained for the period from 1964 
to 1970 show ave rage  va lues  of 2 .6  ps i a  (>5000 s a m p l e s  each yea r )  
(Ref. 20). 

by 
The c l a s s i c a l  vapor  p r e s s u r e - t e m p e r a t u r e  r e l a t i o n  is e x p r e s s e d  

log P = A -  B/T 

where  

P = absolute  pressure 

A,B = constants  

T = absolute  temperature 

For the hydrocarbons of interest, the constant B can be associated with 
the normal boiling point of the pure compound. Figure 6 is a plot of 
vapor pressure versus temperature for several typical hydrocarbons. 
The abscissas are scaled as the negative of the reciprocal temperature 
in order to present a set of linear curves. A comprehensive plot of 
curves for hydrocarbons with normal boiling points from i00 to 1200°F 
is presented in Ref. 21. The vapor pressure for ideal mixtures of 
hydrocarbons can be calculated using Raoult's Law. However, the 
wide range between the boiling points of the most volatile and least 
volatile components in JP-4 plus the overwhelming number of specific 
compounds present a problem in using this approach. Empirical equa- 
tions to calculate the vapor pressure of JP-4 as a function of tempera- 
ture have been developed which use various combinations of the ASTM 
distillation data, the normal boiling point temperature, the Reid vapor 
pressure, and the flash point temperature. These equations are pre- 
sented in Ref. 22, and a plot of the vapor pressure of an average JP-4 
using this approach is included in Fig. 6. These empirical equations 
describe only 100-percent JP-4 and are not applicable for residues of 
JP-4 which would be encountered, for example, in an evaporating drop- 
let. 
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3.3 SURFACE TENSION 

The surface  tension for many of the hydrocarbons can be de ter -  
mined from their molecular  weight,  cr i t ica l  temperature ,  and density.  
The equation developed by Ramsey and Shields (Ref. 23) is given as 

(.~) 2 3 
<'I = 2 . 1 2 ( ' r v r  - 6 - "1") 

where 

~r = ,~urfaec tension ( d y n e s  c m )  

p = d e n s i t ~  ( g m ' c c  at temperature "I') 

T = temperature of liquid ( ° K )  

"l" r = crit ical  temperature (OK) 

'.l = molecular ~seight 
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The v a l u e s  of s u r f a c e  t e n s i o n  fo r  J P - 4  r e p o r t e d  in Ref.  22 a r e  
b a s e d  on th i s  app roach .  

The  m o l e c u l a r  weight  and the  c r i t i c a l  t e m p e r a t u r e  fo r  J P - 4  a r e  
d e t e r m i n e d  f r o m  the  g e n e r a l  c o r r e l a t i o n s  b e t w e e n  dens i ty ,  a v e r a g e  
m o l e c u l a r  we igh t  fo r  n o r m a l  pa ra f f in s ,  m o l e c u l a r  we igh t  and c r i t i c a l  
t e m p e r a t u r e  as g iven  in Ref.  21. 

The va lue s  of s u r f a c e  t e n s i o n  c a l c u l a t e d  fo r  the  pa ra f f in s  a g r e e  
wi th  the  c u r v e s  p r e s e n t e d  in Ref.  22. H o w e v e r ,  the  v a l u e s  c a l c u l a t e d  
fo r  the  a r o m a t i c s  show c o n s i d e r a b l e  v a r i a n c e .  F i g u r e  7 p r e s e n t s  
v a l u e s  fo r  oc t ane  and o - x y l e n e  as a typ ica l  pa ra f f in  and a r o m a t i c .  
Whi le  the  a r o m a t i c s  in J P - 4  a r e  l i m i t e d  to 25 p e r c e n t  by v o l u m e  and 
in ac tua l  s a m p l e s  a v e r a g e  at a p p r o x i m a t e l y  11 p e r c e n t ,  th i s  m a y  be 
su f f i c i en t  to s i gn i f i c an t l y  affect  the ac tua l  va lue  of the  s u r f a c e  t e n s i o n .  
In t hose  a r e a s  w h e r e  the s u r f a c e  t e n s i o n  is a s i gn i f i c an t  p a r a m e t e r ,  
cau t ion  should  be used  in accep t ing  the  c a l c u l a t e d  v a l u e s  b a s e d  on the  
s p e c i f i c  g r a v i t y  of the  J P - 4 .  
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Figure 7. Surface tension as a function of temperature. 
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3.4 LATENT HEAT OF V A P O R I Z A T I O N  

The l a t en t  hea t  of v a p o r i z a t i o n  is the  d i f f e r e n c e  in en tha lpy  b e -  
t w e e n  the  l iqu id  and the v a p o r  p h a s e  at cons t an t  t e m p e r a t u r e .  Maxwel l  
(Ref. 21) p r e s e n t s  a m e t h o d  for  d e t e r m i n i n g  the  l a t en t  hea t  of v a p o r i -  
za t ion  of a m i x t u r e  of h y d r o c a r b o n s  by us ing  the  v o l u m e  a v e r a g e  bo i l -  
ing point  of t h e  m i x t u r e  and the a v e r a g e  r n o l e c u l a r  weight  and us ing  
t h e s e  v a l u e s  to mod i fy  the  l a t en t  hea t  of v a p o r i z a t i o n  c u r v e  of a c o m -  
p a r a b l e  n o r m a l  pa ra f f in .  Us ing  th i s  t e c h n i q u e ,  a plot  of l a t en t  hea t  
of v a p o r i z a t i o n  as a func t ion  of t e m p e r a t u r e  fo r  an a v e r a g e  J P - 4  is 
p r e s e n t e d  in Fig .  8. In e s s e n c e ,  th is  is a s l i g h t l y  m o d i f i e d  c u r v e  of 
the  hea t  of v a p o r i z a t i o n  of i s o - o c t a n e .  Th i s  a s s u m e s  the  c o m p l e t e  
v a p o r i z a t i o n  of J P - 4  and thus is  not  d i r e c t l y  app l i cab le  for  t he  f r a c -  
t iona l  e v a p o r a t i o n  of J P - 4  as is  c o n s i d e r e d  in the  f r e e  fa l l  of J P - 4  
d r o p l e t s .  H o w e v e r ,  t h i s  s a m e  t e c h n i q u e  can be appl ied  to each  f r a c -  
t ion  of the  J P - 4  and a s e r i e s  of such  c u r v e s  can be g e n e r a t e d .  At the 
t e m p e r a t u r e s  c o n s i d e r e d  fo r  the f r e e - f a l l  e v a p o r a t i o n  of J P - 4 ,  the  
e n t h a l p i e s  of the  ind iv idua l  c o m p o n e n t s  of a m i x t u r e  a r e  add i t ive  in the  
l i qu id  p h a s e  and in the  v a p o r  phase .  Thus ,  the  l a t e n t  hea t  of v a p o r i -  
za t ion  of J P - 4  f r a c t i o n s  can be m o d e l e d  by us ing  a m i x t u r e  of h y d r o -  
c a r b o n s ,  e a c h  one of wh ich  is  r e p r e s e n t a t i v e  of a s p e c i f i c  f r a c t i o n .  
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Figure 8. Latent heat of vaporization of JP-4. 
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3.5 SPECIFIC HEAT 

The s p e c i f i c  hea t  of h y d r o c a r b o n  l iqu ids  can be c o r r e l a t e d  to  t h e i r  
s p e c i f i c  g r a v i t y  wi th  a s m a l l  c o r r e c t i o n  fo r  the  v o l u m e  a v e r a g e  bo i l ing  
point  (Ref. 21). F o r  conven ien t  r e f e r e n c e ,  the  c u r v e s  app l i cab le  to 
J P - 4  a r e  p r e s e n t e d  in F ig .  9. 
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Figure 9. Specific heat as a function of temperature. 

4.0 DROPLET BREAKUP AND COALESCENCE 

A s h o r t  e x p e r i m e n t a l  p r o g r a m  was conduc ted  to look at the  b r e a k u p  
of a l iqu id  s t r e a m  and to d e t e r m i n e  if c o a l e s c e n c e  of d r o p l e t s  was  a s i g -  
n i f i can t  f a c t o r  in t he  f u e l - d u m p i n g  p r o c e s s .  
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The a p p a r a t u s  c o n s i s t e d  of a c o n c e n t r i c  a i r  n o z z l e  and l iqu id  f eed  
tube.  The  l iquid  was  supp l i ed  f r o m  a p r e s s u r i z e d  r e s e r v o i r .  V a r i o u s  
l iqu id  flow r a t e s  and l iqu id  exi t  v e l o c i t i e s  could be ob ta ined  by ad ju s t i ng  
the r e s e r v o i r  p r e s s u r e  or  by changing  the  exi t  d i a m e t e r  of the  flow tube.  
The  a i r  was  supp l i ed  f r o m  a bank of h i g h - p r e s s u r e  t anks  and i t s  flow 
v e l o c i t y  at the  exi t  of the  nozz l e  was ad ju s t ed  by a va lve  in the  supply  
l ine .  Ai r  v e l o c i t i e s  w e r e  ca l cu l a t ed  f r o m  pi tot  tube m e a s u r e m e n t s  
m a d e  at the  ex i t  p lane  of the  n o z z l e  wi th  no l iqu id  flow. 

The  a i r - l i q u i d  n o z z l e  a s s e m b l y  was m o u n t e d  about four  f e e t  f r o m  
the  g round  and po in ted  upward  at a 4 5 - d e g  angle .  A s t r i p  of p a p e r ,  
18 in. wide  and 50 ft long ,  was  p l aced  on the  f l o o r  a long the  c e n t e r l i n e  
of the  n o z z l e  a s s e m b l y .  The  r e s e r v o i r  was  f i l l ed  wi th  l iqu id  (wa te r  
o r  J P - 4 )  to wh ich  had b e e n  added a l i t t l e  dye.  Flow r a t e s  of the  l i qu id  
w e r e  m e a s u r e d  by p r e s s u r i z i n g  the  r e s e r v o i r  and then  open ing  the  
supply  va lv ing  and t i m i n g  the  l iqu id  as it d i s c h a r g e d  into a c a l i b r a t e d  
c o n t a i n e r .  No a i r f low was used  du r ing  th i s  c a l i b r a t i on .  

The  da ta  w e r e  t a k e n  by ad jus t ing  the  a i r f low th rough  the  n o z z l e  to 
obta in  the  d e s i r e d  v e l o c i t y  and t h e n  s t a r t i n g  the  l iqu id  f low. The  l i qu id  
flow was con t inued  for  a p p r o x i m a t e l y  f ive  s e c o n d s  and t h e n  t e r m i n a t e d .  
The  a i r f low was then  shut  off and the  p a p e r  s t r i p  se t  at one s i d e  to d ry .  
The  d r o p l e t s  which  s e t t l e d  on the p a p e r  le f t  a c o l o r e d  i m p r i n t  f r o m  the  
dye and p r o v i d e d  a p e r m a n e n t  r e c o r d  of the  d r o p l e t s .  

The  a p p r o x i m a t e  s i z e  of the  d r o p l e t s  which  le f t  the  c i r c u l a r  s t a in s  
was  d e t e r m i n e d  by d ropp ing  known v o l u m e s  of the  dyed l iqu id  onto the  
p a p e r .  Th i s  was a c c o m p l i s h e d  by d r awing  a s m a l l  quant i ty  of l iqu id  
into a f i ne ly  d r a w n  g l a s s  c ap i l l a ry .  The  d i a m e t e r  of the  c a p i l l a r y  and 
the  l eng th  of l iqu id  was m e a s u r e d  with an op t ica l  c o m p a r a t o r .  Th is  
known v o l u m e  of l iqu id  was  then  e x p e l l e d  as a d r o p l e t  whose  d i a m e t e r  
was  c a l c u l a t e d  f r o m  the  known v o l u m e  of l iqu id  r e l e a s e d  f r o m  the  
c a p i l l a r y .  In add i t ion  to th is  m e t h o d  of s i z ing ,  s m a l l  d i s h e s  of s i l i c o n  
oil  w e r e  s p a c e d  along the  p a p e r  du r ing  the  t e s t s  wi th  w a t e r ,  and s a m -  
p les  of the d r o p l e t s  w e r e  v i ewed  and m e a s u r e d  d i r e c t l y  wi th  an op t i ca l  
c o m p a r a t o r .  While  not  e x t r e m e l y  a c c u r a t e ,  it  is fe l t  tha t  d r o p l e t s  as 
s m a l l  as 40 ~ in d i a m e t e r  could be d e t e c t e d .  No l iqu id  was  found 
which  could  be u s e d  wi th  the J P - 4  to r e t a i n  the  ind iv idua l  d r o p l e t s .  

The  d r o p l e t  s a m p l i n g  t e c h n i q u e  u s e d  fo r  t h e s e  t e s t s  d o e s  not  p e r -  
m i t  a d e t e r m i n a t i o n  of a d r o p l e t  s i z e  d i s t r i b u t i o n .  H o w e v e r ,  it d o e s  
g ive  s o m e  ind i ca t i on  of m a x i m u m  d r o p l e t  s i z e s  and m o r e  i m p o r t a n t  it 
c o n f i r m s  t r e n d s  in the  s i z e  d i s t r i b u t i o n  as i n f luenced  by v a r y i n g  s e l e c t e d  
p a r a m e t e r s .  The  r a n g e  of flow v a r i a b l e s  i n v e s t i g a t e d  is i n d i c a t e d  in 
Tab le  3. 
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Table 3. Droplet Data Produced from Spray Tests 

Run Air Velocity, 
No. m/sec 

1 140 
2 140 
3 140 
4 75 
5 75 
6 140 
7 140 
8 75 
9 75 

10 75 
11 140 
12 140 

Liquid Velocity, 
m/see 

Liqu id  F low Ra te ,  
k g m / m i n  

4 .3  
1 .7  
8 .6  
8 .0  
8 .6  
1 .1  
4 .3  

13.7  
4 .3  
1 .7  
4 .3  

19 .9  

4 . 5  
1 .8  

12 .7  
0 . 4  

12 .7  
1.2 
4 . 5  
0 . 7  
4 . 5  
1 .8  
4 . 5  
1.2 

Max D r o p l e t  
size, 

26OO 
1750 
2550 
1100 
2600 

6OO 
2500 
1250 
2550 
2600 
2650 

650 

4.1 BREAKUP OF LIQUID JET 

The  fo l lowing  g e n e r a l  o b s e r v a t i o n s  a r e  noted:  

a. F o r  c o m p a r a b l e  flow cond i t ions ,  the  d r o p l e t s  of J P - 4  
w e r e  c o n s i s t e n t l y  s m a l l e r  t h a n  the  w a t e r  d r o p l e t s .  
The  r a t i o  of the  l a r g e s t  J P - 4  to w a t e r  d r o p l e t ,  f o r  
c o m p a r a b l e  r u n s ,  r a n g e d  f r o m  0 . 6 9  to 0 .76 .  T h i s  
c o m p a r e s  f a v o r a b l y  wi th  a va lue  of 0 .63  p r e d i c t e d  by 
Ingebo ' s  e m p i r i c a l  equat ion .  

b. T h e r e  w e r e  no o the r  s i g n i f i c a n t  d i f f e r e n c e s  in the  b e -  
h a v i o r  of J P - 4  and w a t e r  as f low p a r a m e t e r s  w e r e  
v a r i e d .  

c. O v e r  the  r a n g e  of p a r a m e t e r s  v a r i e d ,  t h e r e  was  no 
o b s e r v a b l e  change  in the  s m a l l e r  d r o p l e t  s i z e s .  F o r  
the h i g h e r  l iqu id  flow r a t e s  and the  l o w e r  a i r  v e l o c i -  
t i e s  the d e n s i t y  ( n u m b e r  of d r o p l e t s  p e r  cm 2) 
i n c r e a s e d ,  but the  s i z e  r a n g e  at  the  s t a t i o n  n e a r e s t  
the  nozz l e  exi t  r e m a i n e d  at 40 to 100 ~m.  

d. Runs  wi th  s i m i l a r  a i r  v e l o c i t y  and l iqu id  v e l o c i t y  but  
d i f f e r e n t  m a s s  flow r a t e s  of l iqu id  ie.  g . ,  No. 4 and 
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No. 5) indicated a wider spectrum of droplet sizes at 
midfield, and a larger maximum droplet size in the 
far field for the higher flow rate. 

e. Comparing runs No. 2 and No. i0 indicated that the 
difference in airspeed had a significant effect on the 
maximum size of the droplets produced. However, a 
similar comparison between runs No. 3 and No. 5 
show no such effect on the maximum droplet size. The 
only difference between the data in runs No. 3 and No. 5 
is that the larger droplets were recorded 25 percent 
farther downstream in run No. 3. These data indicate 
that the maximum droplet size is a function of the rela- 
tive airspeed up to the point where the mass loading of 
the liquid is so large that the energy available in the 
zone of interaction between the high-speed airstream 
and the liquid is insufficient to atomize all of the jet. 
This results in relatively large fragments of liquid 
traveling at modest velocities and subsequently break- 
ing up due to internal instabilities as they free fall. 
This secondary process of breakup would also account 
for the consistent upper limit of droplet size observed 
during these tests. 

f. Comparison of runs No. 6 and No. i0 indicate no sig- 
nificant difference in droplet size due to the change in 
the liquid velocity. This might be expected since the 
relative velocity between the airstream and the liquid 
does not change appreciably. 

The most notable feature in the data was the fact that droplets from 
40 to 100 pm were recorded nearest the nozzle and the farther the dis- 
tance downstream the larger the droplet size became. For most condi- 
tions, no 40- to 100-pm droplets were noted beyond 15 ft, and drop- 
lets > 2000 ~m were all recorded at distances beyond 25 ft. It is sus- 
pected that previous investigators have seen this same effect and sug- 
gested that coalescence of small drops is responsible for the larger 
drops appearing downstream (Refs. 7 and 8). Visual observation of the 
droplet cloud, however, indicates that this droplet sizing is primarily 
due to the fact that once the initial droplets are sufficiently far removed 
from the exhausting airstream, the quiescent atmosphere acts as a 
selective filter. The smaller drops are rapidly decelerated and thus 
fall out nearer to the nozzle while the larger drops travel much further 
downstream. 
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4.2 COALESCENCE OF DROPLETS 

The appara tus  was modif ied  s l igh t ly  to s tudy the pos s ib i l i t y  of 
coa l e scence  of d rop le t s .  The a i r  supply was s a t u r a t e d  with oil vapor  
p r i o r  to exhaus t ing  th rough  the nozzle ,  and s m a l l  pe t r i e  d i shes  f i l led  
with 40W oil were  used to col lec t  the s ample  d rop le t s .  Only wa te r  
d rop le t s  were  s tudied although it is  sugges ted  tha t  the o b s e r v a t i o n  
would apply equal ly  as well  to J P - 4 .  

Using the s a m e  e x p e r i m e n t a l  p r o c e d u r e s  of e s t ab l i sh ing  a i r f low 
then s t a r t i n g  the l iquid flow for  a 5 - s e c  per iod ,  s a m p l e s  of d rop le t s  
were  co l lec ted  and i m m e d i a t e l y  examined  under  a m i c r o s c o p e .  

It was obse rved  tha t  many  of the l a r g e r  d rop le t s  >750 ~m had 
numerous  (5 to 25) s m a l l  40- to 50-~m drop le t s  adher ing  to t h e i r  s u r -  
face.  It was a lso noted that  under  all  the condit ions t e s t ed  and in the 
many  s amp le  d i shes  examined ,  that  t he r e  were  no aggrega t ions  of 
s m a l l  d rop le t s  without the l a r g e  pa ren t  drople t .  

Single d rop le t s  of wa te r  were  produced by a h y p o d e r m i c  needle  
and dropped f r o m  heights  up to 40 ft into s i m i l a r  o i l - f i l l ed  co l l ec to r s .  
These  d rop le t s  were  a lso  examined  and no evidence of b reakup  or  f o r -  
ma t ion  of t hese  s m a l l  s a t e l l i t e  d rop le t s  was found. 

It is  sugges ted  tha t  th i s  expe r imen t  shows that  l a r g e r  drops  moving  
th rough  a f ie ld  of s m a l l  d rop le t s  col lect  some of the s m a l l e r  d rop le t s .  
N o r m a l l y ,  t hese  d rop le t s  would lose  t h e i r  ident i ty  as they m e r g e d  with 
the l a r g e r  drop; however ,  in these  t e s t s  the su r f ace  con tamina t ion  
caused by the oil vapor  in the a i r  supply p reven ted  th i s  a s s i m i l a t i o n .  
Since no c l u s t e r s  of s m a l l  d rop le t s  alone were  found, these  o b s e r v a -  
t ions  indica te  that  l a r g e  drops  a r e  not produced by coa l e scence  of s m a l l  
d rop le t s .  However ,  it is a lso  apparent  tha t  l a r g e r  drops  do grow by 
co l l i s ion  with and a s s i m i l a t i o n  of s m a l l e r  d rop le t s .  

5.0 DRAG COEFFICIENT OF FREE-FALLING DROPLETS 

The experiments conducted by Gunn, et al. (Ref. 18) and Laws 
(Ref. 19) show that the drag coefficient for water droplets differs signifi- 
cantly from the "standard" curve for solid spheres as published by 
Schlichting (Ref. 17) and Hoerner (Ref. 24). However, there is con- 
siderable variation in the value of the drag coefficient for solid spheres 
as reported by individual investigators. Bailey (Ref. 25) presents a 
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r e v i e w  of the  v a r i o u s  da ta  in the  l i t e r a t u r e  and s u g g e s t s  tha t  m u c h  of 
the  v a r i a t i o n  can be a s s o c i a t e d  wi th  the  type  of suppo r t  or  s t i ng  u s e d  
in m a n y  of the  e x p e r i m e n t s .  F r o m  th i s  s u r v e y ,  and s u b s e q u e n t  w o r k  
he conduc ted  in a b a l l i s t i c  r a n g e ,  Ba i l ey  p r o p o s e s  a m o d i f i e d  " s t a n d a r d "  
curve. 

5.1 EXPERIMENTAL APPARATUS 

In o r d e r  to p r o v i d e  d r a g  coe f f i c i en t  da ta  f o r  f r e e - f a l l i n g  J P - 4  
d r o p l e t s  the  fo l lowing  appa ra tu s  was c o n s t r u c t e d .  A v e r t i c a l  tube 
a p p r o x i m a t e l y  36 .5  m in  l eng th  by 8 c m  in  d i a m e t e r  was i n s t a l l e d  in the  
s t a i r w e l l  of t h e  Mark  I t e s t  bui ld ing .  V i e w p o r t s  with i n s t r u m e n t a t i o n  
f e e d t h r o u g h s  w e r e  i n s t a l l e d  at a p p r o x i m a t e l y  3 - m  i n t e r v a l s  a long the  
l e n g t h  of the  tube.  A s m a l l  c h a m b e r ,  hous ing  the d r o p l e t - p r o d u c i n g  
and d e t e c t i o n  s y s t e m ,  was  l o c a t e d  at the  top of the d r o p  tube and is 
shown s c h e m a t i c a l l y  in Fig .  10. The  c o m p l e t e  s y s t e m  was v a c u u m  
t ight ,  and i n t e r n a l  p r e s s u r e s  could  be p r e s e t  to  s i m u l a t e  a l t i t udes  f r o m  
s e a  l e v e l  to 30 ,000  m.  

JP-4 Reservoir 
Needle Valve 

Itylx)dermic Needle 

vacuum _.. I ~ ~  
Pump ~'ltasroh"e~ ~ ~ r ~ -  

Phobxletector--/ i ~ 10 ft 
I * 

MicrophoneDetector (Typ) '--~~, "~ 
\ \ \  i xo. 

L 

I 

Figure 10. Schematic of drop tube. 

32 



AE DC-T R-75-49 

Several methods for producing droplets were evaluated. A vibrat- 
Lug needle system produced adequate droplets; however, there was 
sufficient horizontal momentum added to the droplets that they would 
not fall the full 36 meters without hitting the side of the tube. The 
system finally selected was a simple gravity-fed set of hypodermic 
needles which had been modified by cutting off their tapered tip and 
carefully buffing and polishing the squared end. It was noted that any 
asymmetry about the end of the needle apparently caused the droplet to 
rotate as it fell with the result that the droplet would swerve and im- 
pact with the wall. The rate at which the droplets were produced was 
controlled by a micrometer screw which adjusted the height of the JP-4 
reservoir. The top of the reservoir was vented into the chamber on the 
drop tube so that adjustments of the pressure in the system to simulate 
various altitudes would not affect the droplet formation rate. For most 
of the data taken, the droplet formation rate was one per eight seconds. 

The  d r o p l e t s  w e r e  t i m e d  du r ing  t h e i r  f r e e  fa l l  wi th  a c r y s t a l  con-  
t r o l l e d  d ig i t a l  coun te r .  A s t a r t i n g  t r i g g e r  was p r o d u c e d  as the  d r o p l e t  
was  r e l e a s e d  f r o m  the  rl~edle and fell b e t w e e n  an LED and a c o m p a n i o n  
p h o t o d e t e c t o r .  Th i s  pu l se  coupled  t h r o u g h  a su i t ab l e  de lay  a l so  a c t i -  
va t ed  a s t r o b e  l igh t  wh ich  was u s e d  to back l i gh t  and p h o t o g r a p h  the  d r o p -  
l e t  as it p a s s e d  a v i e w p o r t .  A r e f e r e n c e  w i r e  of known d i a m e t e r  was  
i nc luded  in the  f i e ld  of v iew of the  c a m e r a  and in the  s a m e  foca l  p lane  
as the  d r o p l e t .  The  d r o p l e t  d i a m e t e r s  w e r e  ob ta ined  f r o m  t h e s e  f i l m s  
us ing  a m i c r o s c o p e  and an op t ica l  c o m p a r a t o r .  A c r o s s  check  on th i s  
m e t h o d  of s i z ing  d r o p l e t s  was  m a d e  by c o l l e c t i n g  and w e i g h i n g  a s e r i e s  
of d r o p l e t s  and t h e n  c o m p a r i n g  the  c a l c u l a t e d  a v e r a g e  d r o p  s i z e  wi th  
that  d e t e r m i n e d  f r o m  pho tog raphs .  D r o p l e t  d i a m e t e r s  c a l c u l a t e d  by the  
we igh ing  m e t h o d  w e r e  1 to  2 p e r c e n t  s m a l l e r  than  t h o s e  d e t e r m i n e d  f r o m  
p h o t o g r a p h s .  Th i s  could be due to s l igh t  l o s s e s  caused  by e v a p o r a t i o n  of 
J P - 4  d u r i n g  the  co l l e c t i ng  and we igh ing  o p e r a t i o n .  The  s l i gh t  d i f f e r e n c e s  
w e r e  not  c o n s i d e r e d  to w a r r a n t  f u r t h e r  i n v e s t i g a t i o n s ,  and the  pho to -  
g r a p h i c  m e t h o d  to d e t e r m i n e  d i a m e t e r  was  u s e d  in al l  s u b s e q u e n t  t e s t s .  

E a c h  s t a t i o n  down the  d r o p  tube was  f i t t ed  wi th  a th in  m e t a l  b u t t e r f l y  
va lve  to which  was c e m e n t e d  a s m a l l  c r y s t a l  m i c r o p h o n e .  The  t i m e  of 
f l ight  to a p a r t i c u l a r  s t a t i on  was r e c o r d e d  by c lo s ing  the  va lve  at tha t  
s t a t i o n  and us ing  the  i m p a c t  of the  d r o p l e t  on the  va lve  as r e c o r d e d  by 
the  m i c r o p h o n e .  The  t i m e  of f l ight  of s e v e r a l  h u n d r e d  d r o p l e t s  to e a c h  
s t a t i o n  was t a k e n  fo r  each  a l t i tude  s i m u l a t i o n  and e a c h  d r o p l e t  s i z e .  The  
da ta  w e r e  t r e a t e d  s t a t i s t i c a l l y  to ob ta in  the  a v e r a g e  va lue  for  the  t e r m i -  
na l  v e l o c i t y  of a p a r t i c u l a r  s i z e  d rop  fa l l ing  in the  tube u n d e r  s p e c i f i c  
a t m o s p h e r i c  p r e s s u r e s .  
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5.2 RESULTS 

The f i r s t  runs  were  conducted with wa te r  d rop le t s  so that  the data  
gene ra t ed  us ing this  appara tus  could be d i r e c t l y  compared  with those  
of Gunn, et 8,l. A typ ica l  ve loc i ty  prof i le  is p r e s e n t e d  in Fig.  11. 
These  data  a r e  included on the plots  of d rag  coeff ic ient  v e r s u s  Reynolds  
number  in F igs .  12 and 13. The e x p e r i m e n t s  were  r epea t ed  us ing  J P - 4  
and the r e s u l t s  a re  p r e s e n t e d  in F igs .  12 and 13. 
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Figure 12, Plots of drag coefficient versus Reynolds number for disks, 
spheres, (solid and liquid) and water droplets, 
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Figure 13. Drag coefficient versus Reynolds number for JP-4 droplets. 

5.3 DISCUSSION 

Two f a c t o r s  can  be c o n s i d e r e d  as p o s s i b l y  m o d i f y i n g  the  d r a g  coe f f i -  
c ien t  of f a l l i ng  J P - 4  d r o p l e t s .  The  f i r s t  i s  the  e v a p o r a t i o n  of the  m o r e  
v o l a t i l e  c o m p o n e n t s  which  a r e  added to the  b o u n d a r y  l a y e r  and wake .  
H o w e v e r ,  a l i m i t e d  n u m b e r  of e x p e r i m e n t a l  r u n s  wi th  a f r a c t i o n  of J P - 4 ,  
f r o m  which  the  m o s t  v o l a t i l e  10 p e r c e n t  of the h y d r o c a r b o n s  had been  
r e m o v e d ,  showed  no m e a s u r a b l e  change  in t e r m i n a l  v e l o c i t y .  It i s  t h e r e -  
fo r e  s u g g e s t e d  tha t  t h i s  e f fec t  is  of m i n o r  i m p o r t a n c e .  The  s e c o n d  is  the  
d e f o r m a t i o n  of the  d r op l e t  due to a e r o d y n a m i c  f o r c e s .  T h i s  is  e m p h a -  
s i z e d  by both Sp i lhaus  (Ref. 26) and Magono (Ref. 27) in t h e i r  s t u d i e s  of 
f r e e - f a l l i n g  w a t e r  d r o p l e t s .  

The resultant droplet shape is determined by the interaction of the 
surface tension force (~/r~) which tends to maintain the spherical shape 

and the pressure forces @gV 2 tending to deform it. The ratio of these 

forces has been designated as the Weber number, W e = pgr~V2/~. 

Hinze (Ref. 28) presents a mathematical analysis of the deformation of 
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l iquid d rop le t s  and, a s s u m i n g  that  the d i s to r t i on  produces  an e l l ipso ida l  
shape,  p red ic t s  a m a x i m u m  f la t ten ing  given by 

( - ~ )  = - f L O t J 5  ~t,c 

I n  , l  X 

where  5 is the d i f fe rence  between the length  of the mino r  axis  of the 
e l l ipsoid  and the rad ius  of the und i s to r t ed  s p h e r i c a l  d rop le t  (r~). 

5.4 APPLICATION OF DATA TO ATMOSPHERIC TESTS 

Given the a t m o s p h e r i c  condi t ions,  the t e r m i n a l  ve loc i ty  for  a g iven 
drople t  s ize  can be computed using the fol lowing technique.  Since at 
t e r m i n a l  ve loc i ty  the a e r o d y n a m i c  drag  fo rces  and the g r av i t a t i ona l  
f o r ce s  a r e  equal,  then 

(:1} I 2p,,~_ ~nr 2 = I 3 ,'TraPl,g 

o r  

R 3r lwl,g 
f : l ~  - 

2 
Pg ~'t 

By def in i t ion 

l i e  - t 
itg ( l )  

Combining these  t e r m s  to e l imina te  V t y ie lds  

J 4 3 p~./q,,., ,t 3 

- 

~ /"  , s  (2) 

Figure 14 is a plot of Re versus Re ~ made from the data obtained 
for JP-4 in these tests. As can be seen, the data can be represented 
by the linear equation 

l{e\~---ll ) -- O.T3 l{e ~ 28 6 (3) 

36 



AE DC-TR-75-49 

Therefore, inserting the atmospheric,_p_a_rameters and the droplet diam- 
eter in Eq. (2) yields a value for Re '4CD. This value can be used in 
Eq. (3) to determine the appropriate Reynolds number to use in Eq. (I). 
Equation (i) can then be solved to give the terminal velocity. 
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Figure 14. Plot of Re versus ReV/-~D for JP-4, 

Using a similar approach, the drag coefficient C D and the Reynolds 
number Re can be combined to yield 

CD 4'3 t'g P[!g 
I~ 2 %,,,~ 

Pg , (4) 

Figure 15 is presented as a plot of Re versus CD/Re as determined from 
the drop tube tests for JP-4 fuel droplets. Thus, inserting observed 
values for the parameters in Eq. (4) yields a value of CD/Re which can 
be associated with an appropriate Reynolds number from Fig. 15. This 
Reynolds number can then be used to calculate the appropriate droplet 
size. 
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Figure 15. Plot of Re versus Cv/Re for JP-4. 

6.0 EVAPORATION OF JP-4 DROPLETS 

A f t e r  t h e  i n i t i a l  b r e a k u p  and  a e r o d y n a m i c  d i s p e r s i o n  of t h e  J P - 4  
d r o p l e t s  in  t h e  a i r c r a f t  w a k e ,  t h e  i n i t i a l  d i s t r i b u t i o n  of t he  h y d r o c a r b o n  
v a p o r s  t h r o u g h o u t  t he  a t m o s p h e r e  w i l l  be  c o n t r o l l e d  by t h e  e v a p o r a t i o n  
c h a r a c t e r i s t i c s  of t h e  f r e e - f a l l i n g  d r o p l e t s .  A t t e m p t s  to  s o l v e  t h e  
e q u a t i o n s  f o r  t h e  e v a p o r a t i o n  of a v o l a t i l e  l i q u i d  s p h e r e  in  a m o v i n g  
g a s  s t r e a m  h a v e  m e t  w i t h  l i m i t e d  s u c c e s s .  F r B s s l i n g  (Ref .  29) p r e -  
s e n t e d  t h e  f i r s t  s e m i - e m p i r i c a l  r e s u l t s  i n d i c a t i n g  t h a t  

am - 2rrD* ~lP d[l + f(Se)(Re) 1' 2] 
d-T = ~ • 

where 

D* = d i f fus ion  c o e f f i c i e n t  

M = m o l e c u l a r  weight  of l iqu id  

P = vapor  p r e s s u r e  a t  t empera tu re  
, 

3" = liquid temperature 

d = droplet diameter 
D* 

S c = Schmidt  number  = p--~- 
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and 

f(S e) = 0.276 slc/3 

F u r t h e r ,  w o r k e r s  s u c h  as  Rang  (Ref. 30) have  mod i f i ed  t h i s  a p p r o a c h  
to inc lude  h e a t - t r a n s f e r  e f f ec t s .  Howeve r ,  the d i f f i c u l t i e s  added by 
the c o m p l e x  m u l t i c o m p o n e n t  n a t u r e  of J P - 4  fuel  would s e e m  to be we l l  
beyond the scope  of such  a n a l y t i c a l  t r e a t m e n t .  

In an attempt to reduce the problem to tractable form, Lowell 
(Refs. 31, 32, 33, and 34)made the assumption that JP-4 could be 
modeled by a mixture of 10 selected hydrocarbons and that the evapo- 
ration rate of such a droplet could be calculated by summing the evapo- 
ration of the specific components. The general scheme used was to 
consider the droplet diameter and temperature fixed for a short inter- 
val of time. During this time step, the terminal velocity and Reynolds 
number of the falling droplet was calculated. The Nusselt number of 
mass transfer was then calculated and the mass-transfer coefficient 
for each constituent was then obtained from the Nusselt number. The 
vapor pressure of each component was then used along with the appro- 
priate mass-transfer coefficient to determine the mole fraction evapo- 
rated. The procedure was repeated for the next time interval with the 
new droplet diameter and an adjusted mixture of components. 

The first assumption in this approach is that there is sufficient in- 
ternal mixing in the falling droplet to ensure a uniform distribution of 
the components, especially the more volatile hydrocarbons. It is im- 
portant that this assumption be verified, for if there is little or no 
circulation then the evaporation rate will be much lower. In addition, 
the profile of the hydrocarbon vapors left in the atmosphere will be 
quite different. With adequate circulation in the droplets, the more 
volatile hydrocarbons would be deposited at the higher altitudes, where- 
as with no circulation there would be a more uniform distribution of all 
the hydrocarbons at all altitudes. Garner, et al. (Ref. 35) studied the 
internal circulation within falling droplets by taking colored motion 
pictures of organic liquid droplets containing anhydrous cobalt chloride 
falling through water. As the water diffused into the organic phase the 
cobalt chloride changed from deep blue to pink and thus acted as a 
tracer to define the internal flow patterns in the droplet. Under these 
conditions, internal circulation was observed at Reynolds numbers as 
low as 64 to 71 and it is inferred that it would occur at lower Reynolds 

numbers for liquids of lower viscosity. 
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To further check this assumption of droplet mixing, which w o u l d  
r e s u l t  in a f rac t ion ing  evapora t ion  of the f r e e - f a l l i n g  J P - 4  d rop le t s ,  
the following expe r imen t s  were  conducted. 

6.1 EXPERIMENTAL APPARATUS 

A closed-loop vertical wind tunnel was constructed as shown in 
Fig. 16. A variable-speed fan motor was used to set the airflow in the 
system. The air temperature was controlled by venting the boiloff gas 
from a liquid nitrogen supply through a cooling coil located below the 
fan. Air temperature was measured by a thermistor located in the 
upper horizontal leg of the loop. JP-4 droplets were formed by hypo- 
dermic needles located in the bottom of the reservoir, and the droplets 
fell down the vertical leg into a cooled collection sump. The evaporated 
hydrocarbon vapors were carried by the counterflow of air to the liquid- 
nitrogen-cooled cryopump located just above the fan. A thin-wall rubber 
septum was located by the side of the cryopump so that a sampling 
syringe could be inserted to collect the sample after a test sequence. 
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Figure 16. Schematic of closed-loop wind tunnel. 
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6.2 EXPERIMENTAL PROCEDURE 

The system was first purged with dry nitrogen to remove as much 
water vapor as possible and then the fan speed was set and the cooling 
coils activated if the particular test sequence so required. When the 
airflow temperature had stabilized, liquid nitrogen was added to the 
cryopump. After it had cooled to 77~[, JP-4 was added to the reser- 
voir (for some runs this JP-4 was precooled) and the droplets allowed 
to fall through the airstream. The droplets were allowed to fall for 

approximately two minutes and then the airflow was stopped. The 
heater in the cryopump was then turned on until the hydrocarbon cryo- 
frost which had collected on its surface melted and formed a small 
droplet at its tip. The needle of the sampling syringe was then in- 
serted through the septum and the droplet was collected for analysis. 

The sample size was typically 0.5 ~. 

6.3 ANALYSIS OF EVAPORATED COMPONENTS OF JP-4 

Gas chromatography was used to analyze the evaporated components 
of the JP-4. Due to the large number of hydrocarbons present in JP-4, 
it was beyond the scope of this project to identify specific compounds 
and to quantify their concentration in the original JP-4 and the evaporated 
sample. The gas chromatograph was used to produce a fingerprint or 
signature of a particular sample so that it could be compared against a 

set of prepared fractions of JP-4. 

The first part of this study was to find a suitable column for the gas 
chromatograph which would provide an acceptable separation of the 
hydrocarbon group. A standard packed column with SE30 was used 
initially since this was an accepted column for hydrocarbons. However, 
it  was  found that  th is  c o l u m n  p r o v i d e d  in su f f i c i en t  r e s o l u t i o n  of the  e a r l y  
peaks .  Schwar t z ,  et al. (Ref. 36) r e p o r t e d  good s e p a r a t i o n  of c o m p l e x  
h y d r o c a r b o n  m i x t u r e s  us ing  a 200-f t  c a p i l l a r y  c o l u m n  coa ted  with a m i x -  
t u r e  of h e x a d e c e n e ,  h e x a d e c a n e ,  and K e l - F ~ p o l y m e r  oil .  Such a c o l u m n  
was p r o c u r e d  f r o m  the P e r k i n  E l m e r  Company  and u s e d  fo r  t h e s e  t e s t s .  
Af te r  i n v e s t i g a t i n g  the  m a n y  v a r i a b l e s  in the  o p e r a t i n g  m o d e s  of the  gas  
c h r o m a t o g r a p h ,  the  fo l lowing  p a r a m e t e r s  w e r e  c h o s e n  as bes t  su i t ed  fo r  
our  p a r t i c u l a r  app l ica t ion :  

a .  Column  - 200-f t  by 0 . 0 1 - i n .  c a p i l l a r y  c o l u m n  coa ted  
wi th  h e x a d e c e n e ,  h e x a d e c a n e  and K e l - F ,  
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b. D e t e c t o r  - f l a m e  i o n i z a t i o n ,  

c. O v e n  t e m p e r a t u r e  - c o n s t a n t  25°C, 

d. C a r r i e r  g a s  - N2, 

e.  F l o w  r a t e  - 24 m_~/min ,  

f .  S a m p l e  s i z e  - 0 . 5  p~,  and  

g. I n j e c t i o n  - H a m i l t o n  c o n s t a n t  p r e s s u r e  s y r i n g e .  

6.4 CALIBRATION OF THE GAS CHROMATOGRAPH 

T h e  c a l i b r a t i o n  of t he  gas  c h r o m a t o g r a p h  c o n s i s t e d  of p r e p a r i n g  a 
b a s e l i n e  c h r o m a t o g r a p h  of t he  J P - 4 .  O n e - h u n d r e d  m i  of t h i s  J P - 4  w a s  
t h e n  d i s t i l l e d  u s i n g  the  A S T M  D 8 6 - 1 P  123 p r o c e d u r e  (Ref .  37) and  c o l -  
l e c t e d  as  t w e l v e  f r a c t i o n s .  T h e  d a t a  f r o m  t h i s  d i s t i l l a t i o n  a l o n g  w i t h  t he  
m e a s u r e d  r e f r a c t i v e  i n d e x  of e a c h  f r a c t i o n  a r e  i n c l u d e d  in T a b l e  4. 

Table 4. Properties of JP-4 Fractions 

F r a c t i o n  
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

i0  

I I  

12 

Volume, 
percent 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

7 

3 

T e m p e r a t u r e ,  
°C 

112 

124 

134 

144 

153 

168 

176 

186 

191 

198 

204 

R e s i d u e  

Refract [ve 
Index 

1. 4074 

1. 4153 

1. 4179 

1. 4221 

1. 4263 

1. 4310 

1. 4357 

1. 4414 

1. 4460 

1. 4511 

1. 4574 

1. 4610 
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The t e m p e r a t u r e  r e c o r d e d  in th is  m e t h o d  is tha t  of the  vapo r  at the  
head  of the  d i s t i l l a t i o n  c o l u m n  at the  t i m e  tha t  the  no ted  p e r c e n t a g e  has  
been  r e c o v e r e d .  An a n a l y s i s  fo r  p e r c e n t  o le f ins  and a r o m a t i c s  was  
p e r f o r m e d  fo r  the  f i r s t  f ou r  f r a c t i o n s  and is i nc luded  in Tab le  5. The  
gas  c h r o m a t o g r a m s  fo r  t h e s e  four  f r a c t i o n s  a long wi th  J P - 4  is shown  
in F ig .  17. Only the  f i r s t  t h i r t y  m i n u t e s  have  been  r e p r o d u c e d  as 
be ing  s i g n i f i c a n t  fo r  th i s  phase  of the  work ,  a l though the  J P - 4  da ta  
con t inue  wi th  o v e r  an add i t iona l  100 peaks .  M a r k e r s  have  b e e n  in -  
c luded  in F ig .  17 to iden t i fy  the  r e t e n t i o n  t i m e s  of s p e c i f i c  c o m p o u n d s .  

The  m o s t  v o l a t i l e  f r a c t i o n  was f u r t h e r  subd iv ided  by d i s t i l l a t i o n  
into o n e - m i l l i l i t e r  s a m p l e s .  Gas c h r o m a t o g r a m s  of the  f i r s t  four  of 
t h e s e  s a m p l e s  a r e  p r e s e n t e d  in  F ig .  18. 

Typical gas chromatograms obtained as "fingerprints" from the 
collected vapors off the cryopump from the closed-loop wind tunnel are 
shown in Fig. 19. 

Table 5. Analysis of JP~, fractions 

F r a c t i o n  
No. 

1 

2 

3 

4 

J P - 4  

Volume, percent 
olefins 

O. 44 

0 .57  

0 .65  

0.71 

O. 44 

Volume, percent 
aromatics 

4.95  

7 .43  

9 .10  

10.95 

13.25 

Volume, percent 
saturates 

94.61 

92 .00  

90 .25  

88 .34  

86.31 
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Figure 17. Gas chromatograms of JP-4 and fractions. 
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I 
5O 

46 



AE DC-T R-75-49 

6.5 DISCUSSION 

All the gas  c h r o m a t o g r a m s  p r e s e n t e d  w e r e  p r e p a r e d  wi th  a 0 . 5 - ~  
s a m p l e .  T h e  d e t e c t o r  s e n s i t i v i t y  and c h a r t  s p e e d s  w e r e  he ld  cons t an t ,  
and thus  a l l  of the  t r a c e s  can  be d i r e c t l y  c o m p a r e d .  The  o r d i n a t e  is  
p r e s e n t e d  as  a r b i t r a r y  un i t s ,  a l though  the  r e l a t i v e  c o n c e n t r a t i o n  of the  
h y d r o c a r b o n s  r e p r e s e n t e d  by a s p e c i f i c  peak ,  c o m m o n  to e a c h  c h r o m a t o -  
g r a m ,  is  p r o p o r t i o n a l  to the a r e a  u n d e r  tha t  peak .  Sequen t i a l  p e a k s  in  
a c h r o m a t o g r a m ,  h o w e v e r ,  cannot  be so e a s i l y  c o m p a r e d .  The  r e -  
s p o n s e  of the  f l a m e  i o n i z a t i o n  d e t e c t o r  to pu re  h y d r o c a r b o n s  ( con t a in -  
ing only  h y d r o g e n  and carbon)  i s  a p p r o x i m a t e l y  l i n e a r  wi th  r e s p e c t  to 
c a r b o n  n u m b e r ;  h o w e v e r ,  s u b s t i t u t e d  g roups  (ha logen ,  s u l p h u r ,  oxygen ,  
n i t r o g e n ,  e t c . )  d e c r e a s e  the s e n s i t i v i t y .  T h u s ,  the  f l a m e  i o n i z a t i o n  d e -  
t e c t o r  r e q u i r e s  c a l i b r a t i o n  wi th  known compounds  fo r  quan t i t a t i ve  
a n a l y s i s .  F o r  t h e s e  s t u d i e s ,  h o w e v e r ,  i t  i s  s u f f i c i e n t  to note tha t  wi th  
a c o n s t a n t - v o l u m e  s a m p l e  a g e n e r a l  i n c r e a s e  in one s e c t i o n  of the  
c h r o m a t o g r a m  i n d i c a t e s  an  i n c r e a s e  in  abundance  of t h e s e  s p e c i e s  and 
m u s t  r e s u l t  in  a g e n e r a l  d e c r e a s e  in the  o t h e r  p a r t s  of the  c h r o m a t o -  
g r a m .  T h i s  is  qui te  ev iden t  when  c o m p a r i n g  J P - 4  to the  f r a c t i o n s  in 
F ig .  17. The  m o r e  v o l a t i l e  c o m p o n e n t s  r e p r e s e n t e d  by p e a k s  A and B 
a r e  qui te  ev iden t  in  f r a c t i o n  No. 1 but  a r e  b a r e l y  d i s c e r n i b l e  in J P - 4 .  

The  r e t e n t i o n  t i m e ,  or  s e p a r a t i o n  be tween  peaks ,  can  v a r y  s l i g h t l y  
f r o m  day  to day due to s l i gh t  d i f f e r e n c e s  in s e t t i n g  the  c a r r i e r  ga s  f low 
r a t e .  T h i s  e f fec t  can  be s e e n  by c o m p a r i n g  peaks ,  A, B, C, D, and E 
on the c u r v e s  in F ig .  19. The g e n e r a l  c h a r a c t e r  of the  peaks  a r e  r e -  
t a ined  and a r e  i den t i f i ab l e  which  is  su f f i c i en t  fo r  t h e s e  t e s t s .  T h e s e  da ta  
i nd i ca t e  tha t  t h e r e  i s  v e r y  l i t t l e  d i f f e r e n c e  i~n the  c o m p o s i t i o n  of the  
e v a p o r a t e d  s p e c i e s  as a r e s u l t  of v a r y i n g  the  d r o p l e t  t e m p e r a t u r e  o r  the  
a i r  t e m p e r a t u r e .  C o m p a r i n g  the  r a t i o  of peak  B wi th  the  fo l lowing  doub-  
l e t  peak  in bo th  s a m p l e s  1 and 2 i n d i c a t e s  a s l i g h t  d e c r e a s e  of the  m o r e  
v o l a t i l e  c o m p o n e n t s  in  f a v o r  of the  l a t e r  c o m p o n e n t s  fo r  the  h i g h e r  d r o p -  
l e t  t e m p e r a t u r e .  A s i m i l a r  e x a m i n a t i o n  of s a m p l e s  2 and 3 i n d i c a t e s  
tha t  t h e s e  s a m p l e s  a r e  i n d i s t i n g u i s h a b l e .  The  a p p a r e n t  6 v e r a l l ,  s l i g h t l y  
l o w e r  s i g n a l  l e v e l  coe f f i c i en t  is  m o s t  l i k e l y  due to the  i n c l u s i o n  of a 
s m a l l  bubble  in  the  h y p o d e r m i c  need l e  and thus  the  i n j e c t i o n  of a s l i g h t l y  
s m a l l e r  s a m p l e  into the  gas  c h r o m a t o g r a p h .  

When c o m p a r i n g  the  e v a p o r a t i o n  s a m p l e s  a g a i n s t  the  f r a c t i o n s  
(Fig .  18) i t  i s  obvious  tha t  t hey  fa l l  c l o se  to f r a c t i o n  No. 1A. T h i s  
f r a c t i o n  r e p r e s e n t s  the  m o s t  vo l a t i l e  c o m p o n e n t s  of J P - 4  and is  one p e r -  
cent  by v o l u m e  of the  whole  J P - 4 .  It shou ld  a l s o  be noted  tha t  a s m a l l  
p e r c e n t a g e  of e a c h  e v a p o r a t i o n  s a m p l e  con t a in s  s p e c i e s  beyond  peak  D 
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which  a r e  not e v i d e n t  in  f r a c t i o n  No. 1A. Th i s  is to be e x p e c t e d  s i n c e  
f r a c t i o n  No. 1A is the  r e s u l t  of a double  d i s t i l l a t i o n  p r o c e s s  d e s i g n e d  
to r e m o v e  the  l e s s  vo l a t i l e  c o m p o n e n t s .  

Subsequen t  e x p e r i m e n t s  to d e t e r m i n e  d r o p l e t  e v a p o r a t i o n  r a t e s  
( see  Sec t ion  7.0)  i nd ica t e  that  in  t h e s e  t e s t s  a p p r o x i m a t e l y  0 . 8  p e r c e n t  
by v o l u m e  of the  d r o p l e t s  e v a p o r a t e d  in the  f r e e  fal l .  Th i s  s u g g e s t s ,  
t h e r e f o r e ,  that  the  bulk of the  m o r e  v o l a t i l e  s p e c i e s  a r e  e v a p o r a t i n g  
du r ing  the  e a r l y  pa r t  of the  f r e e  fa l l ,  and the  a s s u m p t i o n  of a d e q u a t e  
i n t e r n a l  m i x i n g  is va l id .  

7.0 EVAPORATION RATES OF JP-4 DROPLETS 

In o r d e r  to p r e d i c t  the  d i s t r i b u t i o n  of h y d r o c a r b o n  v a p o r s  in the  
a t m o s p h e r e  f r o m  a p a r t i c u l a r  fuel  dump,  it wi l l  be  n e c e s s a r y  to d e -  
ve lop  a c o m p u t e r  p r o g r a m  s i m i l a r  to tha t  d e v i s e d  by L o w e l l  (Refs .  32 
and 33). His work  was l i m i t e d  by the  capac i ty  and ab i l i ty  of the c o m -  
p u t e r s  ava i l ab l e  to h i m  at that  t i m e .  Unfo r tuna t e ly ,  t h e r e  a r e  no r e a d i l y  
ava i l ab l e  e x p e r i m e n t a l  da ta  to check  his  c a l cu l a t i ons  aga ins t .  R e a l i z i n g  
the  need  fo r  s o m e  e v a p o r a t i o n  r a t e  da ta  fo r  J P - 4  d r o p l e t s  in m o v i n g  a i r -  
s t r e a m s  which  m i g h t  be u s e d  fo r  c h e c k i n g  the  va l id i ty  of a f u tu r e  c o m -  
p u t e r  code,  the  fo l lowing  e x p e r i m e n t s  w e r e  p l anned  and e x e c u t e d .  

The m e t h o d  u s e d  was s i m i l a r  to that  d e v e l o p e d  by F r o s s l i n g  
(Ref. 29) and c o n s i s t e d  of s u s p e n d i n g  a d r o p l e t  of J P - 4  on a f ine  g l a s s  
f i l a m e n t  in a cond i t ioned  a i r s t r e a m .  D r o p l e t  s i z e s  w e r e  d e t e r m i n e d  
f r o m  a s e q u e n c e  of pho tog raphs  t aken  of the  d r o p l e t  as it e v a p o r a t e d .  

7.1 EXPERIMENTAL APPARATUS 

The e x p e r i m e n t a l  appa ra tu s  to s tudy the  e v a p o r a t i o n  r a t e  of J P - 4  
d r o p l e t s  is shown  in Fig .  20. It c o n s i s t e d  of a p l e x i g l a s s  t e s t  s e c t i o n ,  
m o t o r - d r i v e n  s e q u e n c e  c a m e r a  wi th  s t r o n g  f l a sh  l ight ,  a m u l t i m e t e r  
r e a d o u t  fo r  t e m p e r a t u r e  p r o b e s ,  and a m i c r o m a n o m e t e r  u s e d  to m e a -  
s u r e  pi tot  tube  p r e s s u r e s .  De ta i l s  of the  t e s t  s e c t i o n  a r e  shown in 
Fig .  21. 
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Figure 21. Drop support and adjustable nozzle. 
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The a i r s t r e a m  en te red  at the base  and was then d i r ec t ed  th rough  a s e c -  
t ion of w i r e  m e s h  and a luminum tu rn ings  to dampen tu rbu lence .  The 
a i r s t r e a m  t e m p e r a t u r e  was m e a s u r e d  by a t h e r m i s t o r  jus t  as it en t e r ed  
the ad jus tab le  nozz le  sec t ion .  The a i r  t e m p e r a t u r e  was con t ro l l ed  by 
pa s s ing  the a i r  supply through a copper  coil which could be p a r t i a l l y  
i m m e r s e d  in a bath of l iquid n i t rogen .  The r e q u i r e d  t e m p e r a t u r e  in 
the t e s t  s ec t i on  was adjus ted by i n c r e a s i n g  or  d e c r e a s i n g  the number  
of t u rns  of the  copper  coil which were  i m m e r s e d  in the l iquid.  The 
humid i ty  was ad jus ted  by pas s ing  par t  of the flow th rough  a c a n i s t e r  
f i l led  with wet cotton f i be r s .  The ve loc i ty  of the a i r f low around the 
drople t  was cont ro l led  by adjus t ing  the th roa t  c r o s s - s e c t i o n a l  a r e a  and 
r egu l a t i ng  the a i r  supply  p r e s s u r e .  The a i r  ve loc i ty  was d e t e r m i n e d  by 
m e a s u r i n g  the s tagna t ion  p r e s s u r e  with a pitot probe ,  shown in Fig.  21, 
with the s p h e r i c a l  t ip. The rod loca ted  to the r igh t  of the pitot probe  
was loca ted  in the s a m e  photographic  plane as the suspended  J P - 4  drop-  
le t  and was used as the r e f e r e n c e  d imens ion  in al l  of the drople t  photo-  
g r aphs .  The g l a s s  f i l amen t  (138-~m-diam)  b a r e l y  v i s ib l e  in Fig .  21 is  
shown en l a rged  in Fig.  22 along with a J P - 4  drople t .  

' z  

Figure 22, JPA droplet on glass filament. 
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The  p h o t o g r a p h s  w e r e  t a k e n  wi th  a 5 0 - m m  l ens  us ing  be l lows  and 
e x t e n d e r  r i n g s  to p r o d u c e  a 5 . 3 X  m a g n i f i c a t i o n  of the d r o p l e t  at the  
n e g a t i v e .  Th i s  n e g a t i v e  was  f u r t h e r  e n l a r g e d  on the f i lm  r e a d e r  u sed  
to r e c o v e r  the  da ta .  The  t i m i n g  s e q u e n c e  was  se t  by an i n t e r v a . l o m e t e r  
w h i c h  a u t o m a t i c a l l y  t r i g g e r e d  the  c a m e r a .  I l l u m i n a t i o n  was  s u p p l i e d  
by an e l e c t r o n i c  s t r o b e  f l a s h  unit ,  and the  l igh t  was  d i f fuse ly  reD_ected 
f r o m  a whi te  s c r e e n  b a c k g r o u n d .  

7.2 EXPERIMENTAL PROCEDURE 

Prior to suspending the droplet of JP-4 on the glass rod, the de- 
sired flow conditions were established by adjusting the test section 
throat and the air supply pressure. For those runs requiring tempera- 
ture or humidity control, the appropriate conditioning systems were 
installed in the air supply line. After the camera system was set and 
focused, the airflow was momentarily interrupted by disconnecting the 
supply line to the test section, and the droplet was transferred to the 
glass support rod from a pipette made from a fine drawn glass tube. 
The air supply was immediately reconnected and the intervalometer 

started. 

7.3 DATA REDUCTION 

Observation of the suspended droplets during checkout runs indi- 
cated that their shape deviated from a true sphere due to their contact 
with the glass support rod as well as to aerodynamic forces. An ex- 
treme of this distortion is shown in Fig. 23 which is one of the last 
frames of an evaporation sequence. The air velocity is 3.05 m/sec, 
and as can be quite easily seen it has driven the droplet well up the 
glass support rod. 

Several photographs of droplets were mapped using a Benson- 
Lehner Telereader @. This system projected a 20X magnified image 
from the negative, and a drivable set of cross hairs could be located 
at any point. Upon command, the coordinates were automatically re- 
corded and punched on computer cards. Figure 24 presents a typical 
map of a droplet along with the best fit ellipse. Assuming that the 
droplets are symmetrical about their major axis, their volumes were 
calculated from thebest-fit prolate spheroid. An equivalent droplet 
diameter (d o) was defined as a spherical droplet with the same volume. 
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Figure 23. Evaporating droplet on sting. 
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Map of suspended droplet. 

Assuming that the evaporation rate for a pure liquid droplet sus- 
pended in an airstream is directly proportional to the surface area, 

then 

dm 
(5) 

where 

dm 
d--t" = evaporat ion rate (gin ! sec)  

C = ffi c o n s t a n t  ( g m / s e c - c m  2) 

A -- s u r f a c e  a r e a  o f  d r o p l e t ,  cm 2 
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T h e  s u r f a c e  a r e a  of  a p r o l a t e  s p h e r o i d  i s  

IX x~' s i n l ]  ( ]  ,% = r, 2 2 + _~  
(6) 

where 

v = major  ax is .  cm 

x = minor ax i s ,  cm 

and 

~ . 2  2 -- g 
= 

% 

T h e  m a s s  i s  g i v e n  a s  

9 
.I = ~(~,)x-) 

where 

p = denslt.x ( g m ' r m  '~) 

Thus, 

~--i- -= ~ . x x ~  + (7) 

Substituting (6) and (7) in Eq. (5) and rearranging thus yields 

C • = _ E 
3 

YZ 
ill ~ .~in I I 1  ' ¢ J (8) 

Equations (7) and (8) were evaluated numerically using the time 
interval between successive photographs. The derivatives at t = 0 and 
t = tfinal were evaluated using the forward and backward difference 
approximation. An evaluation of C~ ~ for both distilled water droplets 
and JP-4 is presented in Fig. 25. 
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Figure 25. Evaporation rate as a function of time. 

7.4 RESULTS 

U s i n g  the  p r e v i o u s l y  c l e s c r i b e d  t e c h n i q u e s ,  a s e r i e s  of t e s t s  w a s  c o n -  
d u c t e d .  S e v e r a l  p r e l i m i n a r y  t e s t  r u n s  w e r e  m a d e  in wh ich  a d r o p l e t  of 
J P - 4  w a s  s u s p e n d e d  on a sma_ll t h e r m i s t o r  and hung in the  t e s t  c e l l  a i r -  
s t r e a m .  It wa s  n o t e d  tha t  e v e n  on t h o s e  o e e a s i o n s  w h e r e  t h e r e  w e r e  3 o r  
4°C d i f f e r e n c e s  b e t w e e n  the  i n i t i a l  d r o p l e t  t e m p e r a t u r e  and the  a i r s t r e a m  
( c o o l e d  a i r f l o w s )  the  d r o p l e t  q u i e k l y  a c c o m m o d a t e d  Io the  a i r s t r e a m  t e m -  
p e r a t u r e  and r e m a i n e d  c o n s t a n t  w i t h i n  0 . 2 ° C .  T h i s  a g r e e s  wi th  
F r o s s l i n g ' s  o b s e r v a t i o n s  (Fief. 29).  In a l l  f u r t h e r  t e s t s  it w a s  t h e r e f o r e  
a s s u m e d  tha t  the  d r o p l e t  t e m p e r a t u r e  w a s  t ha t  of t he  a i r s t r e a m .  D a t a  
w e r e  o b t a i n e d  f o r  the  f o l l o w i n g  r a n g e  of  p a r a m e t e r s :  

: \ i t  veloci ty  0, 10, 15, and 20 f t / s e c ,  

Air t e m p e r a t u r e  -25°C, -10°C, and 20°C at 10 f t / s e e ,  

Humidi ty  l l ,  27, 40, and 67 pe rcen t  at 10 £ t / sec ,  and 

Liquid drople t  H2() , J P - 4 ,  and 3P-4  f r ac t ions ,  
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It w a s  f o u n d  t h a t  i t  w a s  q u i t e  d i f f i c u l t  to  s u s p e n d  a p r e d e t e r m i n e d  
s p e c i f i c  d r o p  s i z e  on  the  g l a s s  f i l a m e n t  and so  t he  f i r s t  s e r i e s  of t e s t s  
w a s  m a d e  w i t h  t h e  h u m i d i t y ,  a i r  t e m p e r a t u r e ,  and  a i r  v e l o c i t y  f i x e d ,  
and  t h e  d a t a  w e r e  t a k e n  f o r  a r a n g e  of  d r o p l e t  s i z e s  f r o m  1060 to  
1347 p m  in d i a m e t e r .  T h e  d a t a  a r e  p r e s e n t e d  in F ig .  26. T h e s e  
c u r v e s  c o l l a p s e  to  a s i n g l e  c u r v e  w h e n  t h e  e v a p o r a t i o n  r a t e  is  r e d u c e d  
to  t he  e f f e c t i v e  e v a p o r a t i o n  r a t e  f r o m  a 1000 -p ro  d r o p l e t .  W h e r e  

~M ( ]000~  3 dx.1 
d-i- (~ffe,'ti,e) = \ d o / ~ (measured) 

and 

d ° = initial equivalent droplet dia,nctcr (/tm) 

F o r  t h e s e  c u r v e s  t he  m a s s  w a s  c a l c u l a t e d  u s i n g  a c o n s t a n t  d e n s i t y  
w h i c h  is  no t  s t r i c t l y  t r u e ,  a l t h o u g h  it i s  c o n s i d e r e d  a d e q u a t e  f o r  t h e s e  

p r  e s  en t  a t i o n s .  

A s e c o n d  s e t  of e x p e r i m e n t s  w a s  c o n d u c t e d  in w h i c h  t h e  a i r  v e l o c i t y  
and t e m p e r a t u r e  w e r e  h e l d  c o n s t a n t ,  and t h e  r e l a t i v e  h u m i d i t y  w a s  v a r -  
i ed  f r o m  11 to  67 p e r c e n t .  T h e s e  d a t a  w e r e  o n c e  a g a i n  r e d u c e d  to  i n d i -  
c a t e  t he  e v a p o r a t i o n  r a t e  of an  e f f e c t i v e  d r o p l e t  of 1000-p ro  d i a m e t e r  and  
a r e  p r e s e n t e d  in F i g .  27. T h e  s p r e a d  c a n  be c o n s i d e r e d  as  a r e s u l t  of 
e x p e r i m e n t a l  u n c e r t a i n t i e s  and  t h u s  i n d i c a t e s  no a p p a r e n t  e f f e c t  on the  
e v a p o r a t i o n  r a t e  due  to  t he  r e l a t i v e  h u m i d i t y  of t h e  a m b i e n t  a i r .  

The third series of experiments was conducted with the air tempera- 
ture held constant and the air velocity varied from 0 to 20 ft/sec. The 
curves presented in Fig. 28 are averaged from data taken for several 
drop sizes at each air velocity. Once again, they have been reduced to 
an effective 1000-pro droplet. A crossplot of this data presented in 
Fig. 29 indicates that the evaporation rates measured were a direct 
function of the air velocity. 

Several problems were encountered in making the experimental runs 
at reduced temperatures. The prime trouble was in obtaining sharply 
focused photographs of the droplets. Dry nitrogen was used to purge the 
outside of the test section; however, the inside o£ the plexiglass windows 
gradually fogged up during the long run times necessary to establish a 
steady-state flow and then record the droplet evaporation. The data pre- 
sented in Fig. 30 are representative of tile runs made and may be useful 

for "ballpark" estimates. However, insufficient repetitive points were 
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o b t a i n e d  to  p r o v i d e  an}, c r o s s p l o t s  g i v i n g  e v a p o r a t i o n  r a t e s  a s  a f u n c t i o n  

of t e m p e r a t u r e .  
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Figure 27. Evaporation rate of JP-4 at various humidities. 
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S e v e r a l  r u n s  w e r e  m a d e  w i t h  d r o p l e t s  t a k e n  f r o m  t h e  f r a c t i o n s  of  
J P - 4  r e c o v e r e d  f r o m  t h e  d i s t i l l a t i o n  s y s t e m  ( s e e  T a b l e  4).  F i g u r e  31 
i s  a p r e s e n t a t i o n  of  t h e  e v a p o r a t i o n  r a t e s  of  f o u r  of t h e  f r a c t i o n s .  I t  
i s  i n t e r e s t i n g  to  n o t e  f r o m  t h e  d a t a  t h a t  t h e  e v a p o r a t i o n  " c o n s t a n t "  C'~ 
f o r  t h e s e  f r a c t i o n s  c a n  be  e x p r e s s e d  as  a d i r e c t  f u n c t i o n  of  t i m e  f o r  
t h e  f i r s t  50 p e r c e n t  of  t h e  m a s s  e v a p o r a t e d .  

i I  5ym Fracl~on 
o I 
o 4 
A 7 
0 10 

4~-~ Air Veloc,ty. |0 ft,se¢ 
/ /  

G 20 40 60 80 lO0 120 
Time. $ec 

Figure 31. Evaporation rate of JP-4 fractions. 

T h e s e  v a l u e s  a r e  r e p r e s e n t e d  by 

q 
C* = ( ~  + Bt) ] (Y 4 g m ' s e c - c m "  

w h e r e  t h e  v a l u e s  of A a n d  B a r e  g i v e n  in  T a b l e  6 and  t i s  m e a s u r e d  in  
s e c o n d s .  

Table 6. 

F r a c t i o n  

1 

4 

7 

I0  

Em 
Eva 

)irically Determined Constants for 
3oration Rate Equation 

A 

1 . 4 5  

B 

0 . 7 5  

0 . 2 3  

0 . 0 4  

3 . 9  x 10 -2  

I .  17 x 10 -2  

I .  75 x 10-3  

3 . 6 7  x 10 -4  
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8.0 VAPOR PRESSURE OF JP-4 AND RESIDUALS 

In o r d e r  to p r o v i d e  s o m e  e x p e r i m e n t a l  da t a  on the  v a p o r  p r e s s u r e  
of a coo l ed  e v a p o r a t i n g  d r o p l e t ,  a s e r i e s  of t e s t s  was  p e r f o r m e d  u s i n g  
a s m a l l  s a m p l e  ( a p p r o x i m a t e l y  5 me)  of J P - 4 .  

8.1 EXPERIMENTAL APPARATUS 

A s c h e m a t i c  of the  a p p a r a t u s  is  shown  in F ig .  32. The  s a m p l e  
tube  was  f i t t ed  wi th  a c a l i b r a t e d  t h e r m i s t o r  to m e a s u r e  t e m p e r a t u r e  
and a t r a n s d u c e r  to d e t e r m i n e  t he  p r e s s u r e .  The  v a c u u m  p u m p  was  
u s e d  to both p u r g e  the  a i r  f r o m  the  s y s t e m  and to r e m o v e  the  v a p o r s  
as  the  s a m p l e  was  s l owly  e v a p o r a t i n g  b e t w e e n  da t a  po in t s .  The  s a m p l e  
h o l d e r  was  s u p p o r t e d  s u c h  tha t  it  could  be  c o m p l e t e l y  i m m e r s e d  in a 
coo l ed  ba th  of e t h y l e n e  g lyco l  and d r y  i ce .  

Pressure Readout 

~e~dP:::t u.r e . I VacuuiPump 

e/  
Styrofoam ~ ~: ~ 

\ \ \ \N  

Ethylene Glycol 
and Dry I c e ~  

\ \ \ \  "~ 
\ \ \ \ ~ l  
\ \ \ \ ~ J  \ \ \ \  "~ 

Figure 32. Schematic of apparatus used to measure vapor pressure. 
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8.2 EXPERIMENTAL PROCEDURE 

A sample of JP-4 was introduced into the test tube and the system 
was sealed. The tube was then immersed in the cold bath and cooled to 
-60°C. When it had reached this temperature, the valve to the vacuum 
pump was opened and the pressure reduced to below one millimeter of 
mercury. The valve was then closed and the system was allowed to 
stabilize. When the temperature and the pressure had reached a steady 
state, the pressure and temperature were recorded, and the cold bath 
was warmed slightly. This process was repeated until the JP-4 was 
returned to room temperature. The valve to the vacuum pump was then 
opened and left open until I0 percent of the JP-4 had evaporated. At 
this point, the valve was closed and the test volume again cooled with 
the cold bath. Again, data were obtained for the vapor pressure of the 
90-percent residual. This process was repeated with 0.5 n~ of the 
sample being evaporated between successive runs. 

A plot of vapor pressure versus temperature for JP-4 and the 
various residuals is presented in Fig. 33. 

8.3 DISCUSSION 

The evaporation process in this experiment does not duplicate that 
of a ventilated droplet; however, it was noted that during the pumpout 
period there were significant convection currents in the bulk of the 
liquid sample. This would indicate that as in the falling droplet there 
was :sufficient mixing occurring to allow the more volatile components 
to move to the surface. As can be seen in Fig. 33, the vapor pressure 
follows the log I/T relationship except for a slight deviation at the 
lower pressures. After observing this deviation, the thermistor and 
the pressure transducer were checked in situ, the thermistor against 
a mercury thermometer and the transducer against a calibrated 
aneroid-type pressure gage. It was decided that neither of these mea- 
surements could be the source of the deviation. During the period that 
these data were taken, it was therefore considered that this was a real 
deviation due to the complex mixture of hydrocarbons in JP-4. How- 
ever, it has since been suggested that this may have been due to an 
adsorption of some of the high vapor pressure hydrocarbons by the 
elastomer seat in the vacuum valve used to isolate the vacuum pump. 
Thus, at the lower temperatures these components were adsorbed and 
then desorbed as the temperature was raised. 
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It should be noted however that the data presented are for a specific 
sample of JP-4. They are therefore useful only insofar as they give 
guideline information on what are reasonable assumptions which may be 
made in developing a tractable computer model to describe the evapora- 

tion process. 

9.0 EFFECTS OF JP-4 ON CONDENSATION OF 
ATMOSPHERIC WATER VAPOR 

In order to study the effects of fuel vapors on the condensation of 
water on naturally occurring condensation nuclei, a Wilson-type cloud 
chamber (Fig. 34) was constructed. This system was chosen in favor 
of the simpler diffusion-type cloud chamber because it is better suited 
for adding contaminants and it can be cycled to both condense and re- 
evaporate the water droplets. Therefore, it can more realistically re- 
produce the life cycle of a small droplet involved in a dynamic cloud en- 

vironment. 

The condensation process is initiated by slightly cooling the test 
volume of the cloud chamber which contains the particulates and vapors 
to be investigated. This cooling is accomplished by a slight adiabatic 
expansion produced by a large piston. 

The supersaturation produced in a given expansion of the chamber 
is calculated using the initial temperature and the initial and final pres- 
sures. The pressure data are used to determine the final temperature 
rather than attempting to measure the temperature directly because of 
the inherent thermal lag in any temperature-measuring device. This 
temperature is calculated from the adiabatic relationship 

1-Yef f 

1 2 = T I P(-6 --~) Yeff 

V 2 /  

where 7eff is an effective ratio of specific heats of the air and water 
vapor and is given by Richarz (Ref. 38) as 

(Fe---~[_]/ = / ~ ) ]  1 I Pair / 1 ~ P~tter Y a p ° r +  
Ptotal ) " i t  a te  r vapor" [>total itter a p o r  
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Figure 34. Schematic of cloud chamber. 

--Flash Tube 

The supersaturation is defined as 

S-- L 
P== 

where 

and 

p is the ac tua l  ~apor d e n s i t y  

p~¢ is the equ i l ib r ium ~.apor d e n s i t y  of  the  vapor  o v e r  

a p l ane  s u r f a c e  of the l iqu id  p h a s e  
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Assuming a closed system at initial conditions, PI, Vl, and T 1 which 
undergoes adiabatic expansion, the temperature and pressure are lowered 
to T2, P2, and the volume increases to V 2. Assuming that there is no 
condensation during this rapid expansion, then the number of vapor 
molecules remains constant. The final vapor density is therefore 

or  

Pv I V l 

w h e r e  P v l  is the  in i t i a l  p r e s s u r e  of the  w a t e r  vapo r  which  was in  e q u i -  

l i b r i u m  with the  s u r f a c e  of the  l iqu id  phase  in the  c h a m b e r  at the  t e m -  
p e r a t u r e  T1. The  d e n s i t y  of w a t e r  v a p o r  for  e q u i l i b r i u m  at the  f ina l  
t e m p e r a t u r e  T 2 can s i m i l a r l y  be w r i t t e n  as 

Pv 2 

Thus, the supersaturation may be rewritten as 

P2 Pvl P/~T) 

In the absence of foreign nuclei, pure vapors can be supercooled 
well beyond the point where they should spontaneously condense to the 
liquid phase. For water vapor in a carefully cleaned cloud chamber, 
supersaturations of approximately 4.2 are possible. Beyond this point, 
homogeneous nucleation occurs and the vapor spontaneously condenses 
dropwise. Considering the free energy of both the vapor and vapor drop- 
let systems Gibbs (Ref. 39) predicted the critical size of the condensa- 
tion nuclei which would be required to initiate condensation for a particu- 
lar supersaturation. This is given as 

2GM 
r = 

c r p !~'1" I n  S 
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where 

r is the critical radius. 
i ' r  

a is the surface tension of the liquLd phase. 

,'xl is the molecular ~eight, 

p is the liquid density, 

I1 is the universal gas constant. 

T is the absolute ternperature, and 

S is the supersaturation 

A plot of this critical droplet size versus super-saturation is pre- 
sented in Fig. 35. The size range of dust particles normally present in 
the atmosphere is also noted. A typical size distribution for particulates 
commonly found over land is presented in Ref. 40. Over the size range 
from 0.1 to 10 pm the number of particles between any two radius values 
can be determined from 

"~ n 

r 2 

r i 

CP 
s gn ]o (r]-~ r2 -s) 

where the value C" is dependent on local atmospheric conditions and can 
range from an average of 4 to as high as 400. Figure 36 (Ref. 40) pre- 
sents a typical gradient of particle sizes as a function of altitude. A 
simplified view of heterogeneous condensation would indicate that dust 
particles as small as 0.05 pm in diameter would act as condensation 
nuclei as the relative humidity rose to 100 percent in the atmosphere. 
However, it has been experimentally determined that some particles 
below 0.05 pm in diameter are extremely effective as condensation 
nuclei. Ruedy (Ref. 41) states that, in general, dust particles one 
half the critical radius can be considered 100-percent effective in pro- 
ducing condensation. Silver iodide smokes with particles as small as 
0.01 ~m have been used as condensation nuclei and their effectiveness 
has been attributed to the crystalline structure of the Agl (Ref. 42). 
Some of the naturally occurring hygroscopic salts are also considered 
as especially effective condensation nuclei in the 0.01- to 0. l-#m 
range. Particular interest is expressed in this size range because, as 
is noted in Fig. 36, at altitudes between 0.5 and 5 km the number density 
of condensation particles above 0.1 pm in diameter decreases rapidly; 
therefore, the active particles among the Aitken nuclei become a more 
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significant factor in the condensation process. Also, the surface proper- 
ties of this size of particle are more important in determining if they are 
effective as condensation nuclei, and therefore they would more likely be 
susceptible to contamination by hydrocarbon vapors. 

o: 

L / t  
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10 

Figure 35. 
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9.1 EXPERIMENTAL APPARATUS 

The W i l s o n - t y p e  c loud c h a m b e r  is  shown s c h e m a t i c a l l y  in F ig .  34. 
The  g l a s s  c y l i n d e r  wh ich  is p a r t i a l l y  f i l l ed  wi th  d i s t i l l e d  w a t e r  is  f i t t ed  
wi th  a p n e u m a t i c a l l y  o p e r a t e d  p i s t o n  and d i a p h r a g m .  The  a i r  supp ly  and 
the  ven t ing  s y s t e m  to the  p i s ton  a r e  c o n t r o l l e d  by a s e r i e s  of e l e c t r i -  
c a l l y  o p e r a t e d  ga te  v a l v e s .  T h e s e  v a l v e s  a r e  in t u r n  c o n t r o l l e d  by a 
t i m i n g  s e q u e n c e r  wh ich  can  be p r o g r a m m e d  to p r o v i d e  a s e r i e s  of ex -  
p a n s i o n s  and c o m p r e s s i o n s .  The  p r e s s u r e s  in the  t e s t  v o l u m e  a r e  
m o n i t o r e d  wi th  a f a s t  r e s p o n s e  t r a n s d u c e r .  The  output  f r o m  the  t r a n s -  
d u c e r  is a l so  u s e d  a long  wi th  a window c o m p a r a t o r  to  p r o v i d e  f e e d b a c k  
i n f o r m a t i o n  to the  t i m i n g  s e q u e n c e r  to c o n t r o l  the  c h a m b e r  p r e s s u r e .  
The  c o m p l e t e  e x p a n s i o n  c h a m b e r  is  h o u s e d  in an i n s u l a t e d  e n c l o s u r e  to 
m a i n t a i n  a cons t an t  t e m p e r a t u r e .  H e a t e r s  l o c a t e d  on the  c h a m b e r  b a s e  
and a f o r c e d  w a r m  a i r  c i r c u l a t i o n  s y s t e m  in  the  u p p e r  p a r t  of the  e n -  
c l o s u r e  a r e  t h e r m o s t a t i c a l l y  c o n t r o l l e d  to  m a i n t a i n  a w a t e r  t e m p e r a t u r e  
of 25 ± 0, 05°C and a v e r t i c a l  t e m p e r a t u r e  g r a d i e n t  of 1 .0  + 0 .05°C .  
T h e r m i s t o r s  a r e  u s e d  to m o n i t o r  the  t e m p e r a t u r e s  and c o n t r o l  the  
h e a t e r  r e l a y s .  

The  a i r  s a m p l e  and the  J P - 4  v a p o r s  a r e  i n t r o d u c e d  into and v e n t e d  
f r o m  t h e  t e s t  v o l u m e  v i a  two ba l l  v a l v e s  l o c a t e d  in  the  top  p l a t e .  F o r  
c o m p l e t e  a i r  c h a n g e s ,  a s m a l l  v a c u u m  p u m p  is  c o n n e c t e d  to the  e x h a u s t  
va lve  and the  i n c o m i n g  a i r  i s  d r a w n  t h r o u g h  a 0 . 4 - ~ m  f i l t e r .  On t h o s e  
o c c a s i o n s  when  a s p e c i f i c  quan t i ty  of r o o m  a i r  was  to be added  to the  
t e s t  v o l u m e ,  the e x h a u s t  v a l v e  was  opened  and the  p i s t o n  o p e r a t e d  to 
r a i s e  the  w a t e r  l e v e l  the  d e s i r e d  a m o u n t .  The  e x h a u s t  v a l v e  was  t h e n  
c l o s e d ,  the in le t  va lve  opened ,  and the  p i s t o n  s l owly  l o w e r e d  to d r a w  
the  a i r  s a m p l e  into the  t e s t  v o l u m e .  J P - 4  v a p o r s  a r e  a d m i t t e d  u s i n g  
two t e c h n i q u e s .  F o r  t h o s e  t e s t s  r e q u i r i n g  the m o r e  v o l a t i l e  f r a c t i o n  of 
J P - 4  the c e l l u l o s e  s u p p o r t  pad f o r  the  in l e t  f i l t e r  was  m o i s t e n e d  wi th  a 
m e a s u r e d  v o l u m e ,  and the  f lu id  and  the  v a p o r s  w e r e  d r a w n  into  the 
c h a m b e r  a long  wi th  the  a i r  s a m p l e .  The  pad was  w e i g h e d  b e f o r e  and 
a f t e r  u s e  to d e t e r m i n e  the quan t i ty  of the  fue l  r e m a i n i n g  in the  pad a f t e r  
the  add i t ion .  Whole  J P - 4  v a p o r s  w e r e  a d m i t t e d  by open ing  the  in l e t  ba l l  
v a l v e  and i n s e r t i n g  a s t a i n l e s s  s t e e l  tube  f i t t ed  wi th  a s m a l l  h e a t e r .  
The  s a m p l e  was  s l o w l y  i n t r o d u c e d  in the  u p p e r  p a r t  of th i s  tube  f r o m  a 
c a l i b r a t e d  s y r i n g e .  The  J P - 4  was  v a p o r i z e d  upon  con tac t  wi th  the  w a r m  
tube .  A s m a l l  p u r g e  of d r y  n i t r o g e n  was  u s e d  to f l u s h  the  r e s i d u a l  v a p o r s  
f r o m  the  tube  into the  t e s t  c h a m b e r .  

The  da t a  f r o m  t h e s e  t e s t s  c o n s i s t  of v i s u a l  o b s e r v a t i o n s  of the  t e s t  
c h a m b e r  and d e n s i t o m e t e r  m e a s u r e m e n t s  f r o m  p h o t o g r a p h s  t a k e n  of t h e  
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droplets in an illuminated volume. This volume is defined by a colli- 
mated light beam passing through the center of the test volume. The 
collimation slits are set i. 0 cm wide, although there is probably some 
distortion of the light beam as it passes through the curved glass walls 
of the chamber. Since in these experiments the absolute number den- 
sity of droplets is not required, no further definition of the volume 
photographed was attempted. The camera was prefocused to the center 
of this volume. 

9.2 EXPERIMENTAL PROCEDURE 

The  t e s t  c h a m b e r  was  c l e a r e d  of a l l  c o n d e n s a t i o n  n u c l e i  by u s ing  
the  fo l lowing  p r o c e d u r e .  The  t i m i n g  s e q u e n c e r  was  p r o g r a m m e d  to 
s l o w l y  c o m p r e s s  the  v o l u m e  to 900 r am,  hold fo r  f ive  m i n u t e s ,  t h e n  
p r o d u c e  a r a p i d  e x p a n s i o n  to 800 m m  fo l lowed  by a s low con t inu ing  ex -  
p a n s i o n  back  to a m b i e n t  p r e s s u r e  (745 ram) .  A f t e r  ho ld ing  at th i s  con -  
d i t ion  f o r  f ive  m i n u t e s ,  the  s e q u e n c e  was  r e p e a t e d .  D u r i n g  t h e s e  ex-  
p a n s i o n s ,  w a t e r  v a p o r  c o n d e n s e s  on the  ac t ive  n u c l e i  and the  r e s u l t i n g  
d r o p l e t s  s e t t l e  u n d e r  g r a v i t a t i o n  into the l iqu id  r e s e r v o i r  w h e r e  the  con-  
d e n s a t i o n  p a r t i c l e s  a r e  e f f e c t i v e l y  t r a p p e d .  S e v e r a l  c y c l e s  a r e  n e c e s -  
s a r y  s i n c e  d u r i n g  the  s e t t l i n g  p r o c e s s  s o m e  of the  s m a l l e r  d r o p l e t s  in 
the  u p p e r  p a r t  of the  t e s t  v o l u m e  e v a p o r a t e  b e f o r e  r e a c h i n g  the  l i qu id  
s u r f a c e .  

A f t e r  c l e a n i n g  the  n u c l e i  f r o m  the t e s t  v o l u m e ,  a m e a s u r e d  s a m p l e  
of r o o m  a i r  was  i n t r o d u c e d  u s i n g  the  t e c h n i q u e  of r a i s i n g  the  p i s t o n  as 
p r e v i o u s l y  d e s c r i b e d .  The  t imir ig  s e q u e n c e  was  then  r e p r o g r a m m e d  to  
p r o d u c e  the  d e s i r e d  s u p e r s a t u r a t i o n  and to t r i g g e r  the  c a m e r a  and f l a s h  
tube as the r e s u l t i n g  d r o p l e t s  w e r e  p r o d u c e d .  

After tests involving the addition of JP-4 vapor, the active volume 
was flushed with room air using the vacuum system and then readied for 
further tests by using the cleaning cycle. Periodically, the complete 
chamber was disassembled and cleaned to remove traces of JP-4 which 
accumulated on the glass walls of the chamber and the surface of the 
water in the reservoir. 

9.3 RESULTS 

The original intention was to introduce a small enough quantity of 
room air so that the number of droplets produced would be small 
enough to allow an individual droplet count for data analysis. However, 

71 



AEDC-TR-75-49 

s m a l l  s a m p l e s  r e s u l t i n g  in d r o p l e t  counts  of 500 p e r  m_~ or  l e s s  w e r e  
not  r e p e a t a b l e  enough  to p r o v i d e  a b a s e l i n e  aga ins t  which  J P - 4  c o n t a m i -  
na t ed  s a m p l e s  could be c o m p a r e d .  

With a i r  s a m p l e s  of one l i t e r ,  the  in i t i a l  d r o p l e t  counts  r o s e  to an 
e s t i m a t e d  1000/rn~.  C o m p a r i s o n s  of d r o p l e t  d e n s i t i e s  w e r e  m a d e  by 
m e a s u r i n g  the  l igh t  t r a n s m i t t e d  t h r o u g h  the  n e g a t i v e  with a c o m m e r -  
c ia l  f i l m  d e n s i t o m e t e r .  Only e x p o s u r e s  on the  s a m e  r o l l  of f i l m  w e r e  
c o m p a r e d  in t h e s e  t e s t s  s i n c e  d i f f e r e n c e s  a t t r i bu t ab l e  to f i l m  d e v e l o p -  
m e n t  and p r o c e s s i n g  not  only sh i f t ed  the abso lu te  r e a d i n g s  but a l so  
a f fec ted  the  n o r m a l i z e d  r e a d i n g s  c o m p a r e d  to a " s t a n d a r d "  e x p o s u r e  
t a k e n  as the  f i r s t  f r a m e  of each  r o l l  of f i lm.  The o b s e r v a t i o n s  wi th in  
each  se t  of r u n s ,  h o w e v e r ,  w e r e  c o n s i s t e n t .  

The  f i r s t  s e r i e s  of r u n s  c o n s i s t e d  of p h o t o g r a p h i n g  the  d r o p l e t s  
p r o d u c e d  f r o m  o n e - l i t e r  s a m p l e s  of r o o m  a i r  d r a w n  t h r o u g h  a 0 . 0 4 - p m  
f i l t e r .  The  s u p e r s a t u r a t i o n  to t r i g g e r  c o n d e n s a t i o n  was S = 1.10 and 
the s a m e  s a m p l e  was  s u b j e c t e d  to four  e x p a n s i o n  cyc l e s .  The  d e n s i -  
t o m e t e r  r e a d i n g s  f r o m  th i s  s e r i e s  a r e  p r e s e n t e d  in Table  7a. As can 
be s e e n ,  the  d r o p l e t  dens i t y  d e c r e a s e d  s i gn i f i c an t l y  with e a c h  s u c c e e d -  
ing e x p a n s i o n  due to the  fa l lout  and s e l f - c l e a n i n g  p r o c e s s i n g  p r e v i o u s l y  
d e s c r i b e d .  In e x p a n s i o n s  t h r e e  and four ,  the  d e n s i t o m e t e r  is r e a d i n g  
a b a c k g r o u n d  f r o m  l igh t  s c a t t e r e d  f r o m  the g l a s s  wa l l s  and the  s u r f a c e  
of the  l iqu id  r e s e r v o i r .  

Table 7. Densitometer Readings 
a. Densitometer Average Readings 

Expansion No. 

Sample  No. 1 

S a m p l e  No. 2 

Sample  No. 3 

Sample  No. 4 

A v e r a g e  

2 .80  

2 .65 

2 .70  

2 .80  

2 .73  ± 0 .07  

1.70 

1.65 

1 .60  

1.75 

1.67 ± 0 .07  

3 

0 .60  

0 .50  

0 .55  

0 .70  

0 .58  

4 

0 .50  

0 .50  

0 .60  

0 .65  

0 .56  

The data presented in Table 7b are representative of runs made 
with JP-4 vapors added to the system. Again, the cleaning pattern 
follows that of the original control data and no significant differences 
are noted. Toward the end of this series of runs, it was noted that a 
visible film could be detected on the glass wall of the chamber. The 
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f i l m  was conf ined  to a n a r r o w  band a round  the  s i d e w a l l  and c l e a r l y  
m a r k e d  the h igh  and low l e v e l s  that  the  s u r f a c e  of the  w a t e r  a t t a ined  
du r ing  the  c o m p r e s s i o n  and e x p a n s i o n  cyc l e s .  Th i s  would i nd i ca t e  
that  the  J P - 4  v a p o r s  a r e  be ing  d e p o s i t e d  on the  s u r f a c e  of the  w a t e r  
and t h e n  a r e  m i g r a t i n g  to the  g l a s s  wa l l s .  

Table 7. Continued 
b. Runs with JP-4 Vapor Added 

E x p a n s i o n  No. 

Sample  (Air  Only) 

Sample  20 p~ J P - 4  

Sample  60 p~ J P - 4  

Sample  200 p~ J P - 4  

2 .50  

2 .65  

2 .45  

2 .70  

2 

1 .50 

1 .55 

1 .50 

1 .60  

0 .50  

0 .50  

0 .65  

0 .60  

0 .6  

0 .5  

0 .6  

0 .5  

At th i s  point ,  the  s y s t e m  was  d i s a s s e m b l e d  and c l e a n e d  wi th  d e t e r -  
gent .  Af t e r  r e a s s e m b l y ,  a s e r i e s  of t e s t s  was m a d e  in which  the  m o s t  
v o l a t i l e  f r a c t i o n  f r o m  a d i s t i l l a t i o n  s e r i e s  of J P - 4  was u s e d  to " c o n t a m i -  
na t e"  the  ac t ive  v o l u m e  ( see  Sec t ion  3 .0  fo r  p r o p e r t i e s  of th i s  f rac t ion} .  
The  r e s u l t s  of a t yp i ca l  r u n  a re  r e c o r d e d  in Tab le  7c. The  only d i f f e r -  
e n c e  that  is  p o s s i b l y  s ign i f i can t  is tha t  t h e r e  would  s e e m  to  be a few 
m o r e  d r o p s  p e r s i s t i n g  in the  l a t e r  e x p a n s i o n s  a f t e r  a p p r o x i m a t e l y  1 n ~  
of the  No. 1 f r a c t i o n  had b e e n  added.  Since  the  c o n c e n t r a t i o n  of the  
v a p o r  in t h i s  c a s e  is  as h igh as would be e x p e c t e d  in the  i m m e d i a t e  wake  
of an ac tua l  fue l  dump,  th i s  s l igh t  ef fec t  would be c o n s i d e r e d  i n s i g n i f i -  
cant  as f a r  as i ts  impac t  on cloud f o r m a t i o n s .  

Table 7. Concluded 
c. Typical Run 

E x p a n s i o n  No. 1 2 3 4 

Sample  (Air  Only) 

No. 1 F r a c t i o n  65pt  

No. 1 F r a c t i o n  418pt  

No. 1 F r a c t i o n  985pt 

2 .90  

2 .95 

2 .75 

2 .80  

I. 70 

1 .85 

1.90 

1.95 

0 .60  

0 .70  

0 .65  

0 .95  

0 .65  

0 .60  

0 .60  

0 .60  
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The chamber was again disassembled and cleaned to remove a 
slight film appearing on the glass sidewalls. A final series of runs was 
made with an attempt to add a 1.0-rn~ sample of JP-4. The combination 
of an overheated addition tube and adding the sample too quickly resulted 
in a visible cloud of condensed JP-4 vapors entering the chamber. How- 
ever, the cloud quickly dissipated, the ball valve was closed, and an ex- 
pansion cycle was performed. The resulting supersaturation of S = I. 10 
produced a dense fog which persisted for several minutes. Subsequent 
expansions eventually resulted in cleaning the chamber. This would 
indicate that JP-4 droplets themselves can act as effective condensation 
nuclei. 

Further tests were made with similar additions of JP-4 droplets in 
which the initial cloud was observed during its lifetime along with the 
following cleaning expansions. In general, the droplets densities were 
much higher than in the previous tests and as a result the individual 
droplets were much smaller. It is felt that the greater number of clean- 
ing cycles required to clean the chamber under these conditions can be 
attributed to the lower settling rates of the smaller droplets rather than 
any significant effects due to the JP-4. 

9.4 DISCUSSION 

The results obtained from these studies would indicate that the JP-4 
vapors will be effectively scavenged and cleaned from the atmosphere by 
the natural process of condensation of water vapor and subsequent rain- 
fall. The hydrocarbon vapors themselves do not appear to have any sig- 
nificant effect on the initiation of condensation of water vapor on atmo- 
spheric nuc/ei. In very high concentrations, they may tend to slow down 
the growth and decay rate of water droplets such as might be found in 
cloud formations. The major effect noted was the ability of small Jl=-4 
droplets to act as condensation nuclei themselves. This would suggest 
that in the event of a fuel dump, under conditions where small droplets 
of JP-4 might survive and enter a parcel of humid air, these droplets 
may act as seed nuclei to initiate condensation. This could conceivably 
result in precipitation, thus concentrating a larger portion of the fuel 
than expected into a relatively small area at ground level. 
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10.0 SUMMARY OF RESULTS 

A r e v i e w  of the l i t e r a t u r e  i n d i c a t e s  that  v e r y  l i t t l e  w o r k  has  been  
done  which  d i r e c t l y  a d d r e s s e s  the  p r o b l e m  of d u m p i n g  a i r c r a f t  fue l  into 
the a t m o s p h e r e .  In th is  w o r k  an a t t e m p t  h a s  been  m a d e  to de f ine  s o m e  
of the  p r o c e s s e s  invo lved  in the  b r e a k u p  of the  in i t i a l  l iqu id  je t  in o r d e r  
to b e t t e r  e s t i m a t e  the  in i t i a l  d r o p l e t - s i z e  d i s t r i b u t i o n .  Sp ray  t e s t s  
c o n d u c t e d  at A E D C  and o b s e r v a t i o n s  of a h i g h - a l t i t u d e  fuel  dump have  
l ed  to a s u g g e s t e d  m o d i f i c a t i o n  of the  d r o p l e t - s i z e  d i s t r i b u t i o n  as  r e -  
p o r t e d  in the  l i t e r a t u r e  (Ref.  4). Th i s  c h a n g e  would  s u g g e s t  that  a 
l a r g e r  p e r c e n t a g e  of the J P - 4  is i n c l u d e d  in the s m a l l e r  d rop  s i z e s  
than had been  i nd i ca t ed .  

E x p e r i m e n t s  w e r e  c o n d u c t e d  to i n v e s t i g a t e  the  p h e n o m e n o n  of 
c o a l e s c e n c e  and its r o l e  in p r o d u c i n g  l a r g e  d r o p l e t s .  The  e v i d e n c e  
i n d i c a t e s  that  l a r g e  d r o p l e t s  a r e  not p r o d u c e d  by the c o a l e s c e n c e  of 
m a n y  s m a l l  d r o p l e t s .  H o w e v e r ,  l a r g e  d r o p l e t s  wh ich  a r e  p r o d u c e d  
in the  in i t i a l  b r e a k u p  p r o c e s s  wil l  g row  s l igh t ly  by c o l l e c t i n g  s m a l l e r  
d r o p l e t s  as  t hey  c o l l i d e  with t h e m .  

The  t h e o r e t i c a l  w o r k  of L o w e l l  (Refs .  31, 32, 33, and 34) was  
d i s c o v e r e d  e a r l y  in the l i t e r a t u r e  s u r v e y  and h is  a t t e m p t  to m o d e l  the 
fa l lou t  p r o c e s s  would  s e e m  to be a va l id  a p p r o a c h .  Subsequen t  con-  
v e r s a t i o n s  with Dr .  L o w e l l  i nd i ca t e  that  a c o m p u t e r  code  such  as  he 
d e v e l o p e d  cou ld  wel l  p ro f i t  f r o m  the s u b s e q u e n t  a d v a n c e s  in c o m p u t e r  
c a p a b i l i t i e s .  The o r i g i n a l  c o m p u t e r  p r o g r a m  is no l o n g e r  a v a i l a b l e  
and thus  f u r t h e r  w o r k  wil l  be r e q u i r e d  to r e p r o d u c e  his  code .  

Some of the experiments in this program (e. g., determination of 
drag coefficients and evaporation properties) were conducted to help 
provide a firmer basis for some of the assumptions which must be 
made in such a computer program. Data from the experiments with 
free-falling JP-4 droplets have been presented in such a form as to 
be readily used to determine the terminal velocity of a particular size 
droplet. An alternate presentation is made in which knowing the termi- 
nal velocity the droplet size can be easily- calculated. These data, 
plus information on evaporation rates of samples of JP-4 should pro- 
vide basic inputs for predicting fallout rates and the possible survival 
of droplets to ground level. 

T h o s e  p r o p e r t i e s  of J P - 4  such  as d e n s i t y ,  v a p o r  p r e s s u r e ,  s u r f a c e  
t ens ion ,  e t c . ,  wh ich  a r e  p e r t i n e n t  to the p r o b l e m  of a t m o s p h e r i c  d u m p -  
ing have  been  c o l l e c t e d  f r o m  the v a r i o u s  r e f e r e n c e s  and, in s o m e  c a s e s ,  
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t h e s e  data  have  been  s u p p l e m e n t e d  with e x p e r i m e n t a l  v a l u e s  d e t e r m i n e d  
d u r i n g  t h e s e  s t u d i e s .  A n a l y s i s  of the  v a p o r s  f r o m  f r e e l y  fa l l ing  d r o p -  
l e t s  have  shown that  t h e r e  is su f f i c i en t ,  i n t e r n a l  c i r c u l a t i o n  in the  d rop -  
l e t s  to e n s u r e  that  the m o r e  v o l a t i l e  s p e c i e s  wil l  e v a p o r a t e  f i r s t .  Th i s  
wil l  r e s u l t  in f r a c t i o n a t i o n  of the  J P - 4  and thus  l e a v e  the  m o r e  v o l a t i l e  
s p e c i e s  at the h i g h e r  a l t i t u d e s .  Th i s  i n f o r m a t i o n  is of s i g n i f i c a n c e  in 
c o n s i d e r i n g  the  long t e r m  p h o t o c h e m i c a l  e f f ec t s  which  m a y  r e s u l t  f r o m  
a fuel  dump.  

The c loud  c h a m b e r  s t u d i e s  i n d i c a t e  that  the J P - 4  v a p o r s  should  
have  a neg l i g ib l e  e f fec t  on the n o r m a l  c o n d e n s a t i o n  p r o c e s s e s  in the 
a t m o s p h e r e .  The e v i d e n c e  s u g g e s t s  that  c o n d e n s a t i o n  and r a i n f a l l  
wi l l  act  as  a s c a v e n g i n g  p r o c e s s ,  thus  r e m o v i n g  s o m e  of the  v a p o r s .  
In th i s  con tex t ,  the only s i g n i f i c a n t  e f fec t  o b s e r v e d  d u r i n g  t h e s e  t e s t s  
was  the  ab i l i ty  of s m a l l  J P - 4  d r o p l e t s  to ac t  as  c o n d e n s a t i o n  n u c l e i  
and thus  c o n c e i v a b l y  s e r v e  as  s e e d i n g  m a t e r i a l  to in i t i a t e  p r e c i p i t a t i o n  
u n d e r  s o m e  c i r c u m s t a n c e s .  
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NOMENCLATURE 

A 

C 

C* 

Surface a r ea  of drople ts  

Drag coeff icient  

Evapora t ion  coeff ic ient  
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D 

D$ 

d 

f 

g 

k 

M 

m 

P 

R 

Re 

Re" 

r 

S 

Sc 

T 

t 

V 

We 

We ~ 

,7 

C 

P 

P 

(Y 

D i a m e t e r  of j e t  

Di f fus ion  coe f f i c i en t  

D i a m e t e r  of d r o p l e t  

Fuel flow rate 

Gravitational constant 

Boltzmann' s constant 

_~,1ole cular weight 

Mass of droplet 

Pressure 

Universal gas constant 

Reynolds number 

Liqu id  f i l m  Reyno lds  n u m b e r  

Rad ius  of d r o p l e t  

Supe r s  a tur  a t ion  

Schmid t  n u m b e r  

T e m p e r a t u r e  

T i m e  

Ve loc i t y  

W e b e r  n u m b e r  

I n v e r s e  W e b e r  n u m b e r  

Rat io  of s p e c i f i c  h e a t s  

E c c e n t r i c i t y  

V i s c o s i t y  

Density 

Surface tension 
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1 

2 

cr 

eff 

g 

0 

t 

V 

Initial condition 

Final condition 

Critical 

Effective 

Gas 

Liquid 

Equivalent 

Terminal 

Vapor 

Equilibrium value 
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